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Abstract

The Contributions of Motility to the Behavior of Pseudomonas syringae: Phenotypes and
Genetics

by

Juliana Kai-Ling Cho

Doctor of Philosophy in Plant Biology

University of California, Berkeley

Professor Steven E. Lindow, Chair

Motility is considered to be a beneficial trait for microbes, as it solves many of the chal-
lenges these microorganisms face in their habitats, allowing them to find hosts, explore local
environments, access protected niches and needed nutrients, and disperse to new locations.
The quantitative relationship between motility and virulence, particularly of plant-associated
microorganisms, remains unclear. This study has dissected the quantitative contributions
of these factors in the behavior of the plant pathogenic bacterium Pseudomonas syringae
within plant tissues as well as on leaf surfaces, where it commonly occurs as an epiphytic res-
ident of leaves. P. syringae is the only known plant pathogen with pili from the widespread
chaperone-usher fimbrial family as well as all subfamilies of type IV pili. These families of
pili are important factors in bacterial virulence, and implicated in adhesion, invasion, and
biofilm formation in mammalian systems. However, the role of pili are less well characterized
in plant pathogens. As such, P. syringae is a useful model system for studying these pro-
cesses in plant colonization. The availability of reproducible, quantitative variation in nearly
isogenic P. syringae strains, coupled with readily generated mutants altered in expression of
adhesive pili, made P. syringae an obvious choice for investigating the relative contributions
of adhesive factors and motility to the behavior of plant pathogens.

Nine nearly isogenic isolates of P. syringae pv. syringae strain B728a exhibited sta-
ble and reproducibly di↵erent swimming and swarming motility in culture. Swimming and
swarming motility were positively correlated among the variants, suggesting that similar
traits contributed to both processes. A greater rate of motility of variants was associated
with their incitation of a higher incidence of lesion formation on bean leaves after topical
application of bacteria. The size of lesions formed by variants after direct injection into
bean pods, thus bypassing the need for invasion, was also positively correlated with both the
relative rate of motility in culture and their ability to incite leaf lesions. The di↵erences in
motility among the variant strains was not associated with any di↵erence in biosurfactant
production, although mutants blocked in syringafactin production exhibited a deficiency in
ability to move within the apoplast of bean pods. Re-sequencing of the variant strains using
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high-throughput (Illumina) sequencing followed by genomic analyses revealed five single nu-
cleotide polymorphisms (SNPs) and two short simple repeat regions (SSRs) di↵ering among
the nine P. syringae variant strains. None of the SNPs or SSRs were associated with genes
known to be directly involved in flagellar or fimbrial biogenesis and regulation. Site-directed
knockout mutants in those loci altered in variant strains recapitulated the reduced swarming
motility exhibited by a given strain. Phylogenetic reconstruction of the collection of strains
based on variation in genome features was in agreement with historical relationships of the
strains. Additional analyses of two P. syringae variant strains that were selected as hav-
ing either higher or lower swarming motility than their parental strains revealed additional
genetic elements involved with modulating swarming motility. A mutation leading to early
truncation of ispA, encoding a protein involved in cell septation, was associated with the
variant exhibiting reduced motility and thus reduced virulence to bean. While no genetic
reason could be identified in the selected variant that exhibited enhanced motility, the fact
that it exhibited traits specifically beneficial to motility in culture may explain why it was
less virulent than expected based on its high degree of motility in vitro.

Further investigation of factors a↵ecting motility were explored through bioinformatic
analyses of putative fimbrial biogenesis pathways. Five putative fimbrial types were iden-
tified which had structural similarities to either chaperone-usher (CU) fimbriae, type IVa
fimbriae, type IVb fimbriae, or the type IVb monophyletic sub-family known as Flp fim-
briae. Additional analyses of strains deficient in the production of the major structural
pilin of type IVa fimbriae (PilA), CU fimbriae (FimA), and Flp fimbriae (Flp) revealed that
twitching motility was not a major contributor to P. syringae motility. However, flp mutants
and to a lesser extent fimA mutants exhibited higher swimming and swarming motility, sug-
gesting that adhesive features of these fimbriae suppressed motility. Consistent with such
a role, over-expression of Flp pilin resulted in a significant suppression in motility of the
wild-type P. syringae strain. Co-inoculation of wild-type and fimbrial mutants onto leaf
surfaces revealed that Flp fimbriae are involved in surface attachment, as the flp mutant
exhibited a decreased attachment to bean leaves when compared with the wild-type strain.
Attachment by Flp fimbriae appears to be an early step in the colonization process, as the
reduced attachment of the flp mutant was much less pronounced after a longer incubation
period. fimA and pilA mutants exhibited similar abilities to attach to leaf surfaces as the
wild-type strain. Topical application of cell suspensions of pilA mutants onto bean leaves
resulted in the formation of fewer lesions than conferred by the wild-type strain. When sim-
ulated rain was applied to leaves after inoculation, both the pilA and fimA mutant incited
as much as 2-fold fewer lesions than the wild-type strain, suggesting that they adhered less
tenaciously and thus were retained less well after the rain event. fimA and flp mutants but
not a pilA mutant formed larger lesions than the wild-type strain when directly inoculated
into plant tissue, suggesting that their decreased adhesiveness contributed to their ability
to move within the plant after inoculation. Taken together, Flp and CU fimbriae appear to
have significant roles in adhesion that a↵ect their motility in planta, and type IVa fimbriae
appear to be important in inciting disease on bean, presumably by aiding local movement
to sites suitable for invasion of the leaf.
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Chapter 1

A general introduction to
Pseudomonas syringae

Microbiology of the phyllosphere
The above-ground parts of plants can be colonized by a wide variety of di↵erent yeasts,

fungi, and bacteria [107]. On most plants, bacteria are numerically far more abundant than
that of other microbial taxa. While there has been study of flowers and other aerial plant
parts, most work has focused on leaves as a habitat for microorganisms [107]. The term
phyllosphere has been used to describe this aerial habitat of microbes, and is reflective of
the major contributions of the plant to support the growth of microbes [11]. For example,
the leakage of carbon and nitrogen-containing compounds from the interior of the plant is
thought to drive the growth of those microbes [197, 196]. The term ‘phyllosphere’ also gives
the impression of a three-dimensional environment in which these microbes live, which may
not be strictly on the surface of the leaf, while the term ‘phylloplane’ is used specifically to
describe the surface habitat on which microbes live [11]. In the context of this study, the
term phyllosphere is perhaps superior in several respects. Firstly, the surface of leaves is a
topologically complex site. The irregular surface of the leaf, which is largely covered with
cuticle and epi-cuticular waxes is interspersed with stomata, hydathodes and other entry
points into the interior of the plant [94, 10]. Thus while a large majority of microbes that
can be found on a leaf appeared to be on the surface of that leaf, it is also known that
they can enter leaves through such openings [188]. In fact, it is thought that initially, most
plant pathogens multiply exclusively on the leaf surface, but under appropriate conditions,
such as abundant rainfall, plant pathogens can enter the leaf through stomata [69]. It is
only after entering plant tissues that such pathogens express virulence factors and multiply,
thereafter causing disease symptoms [122]. It seems likely, however, that the processes that
would enable bacteria to explore the surface of the leaf could be di↵erent from those used to
explore the leaf interior. There has been almost no study of either of these processes thus
far.
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Coping with changes in the phyllosphere
Because of their importance in reducing plant productivity, the study of phyllosphere

microbiology has addressed the ecology and physiology of bacterial plant pathogens [108,
72]. Several bacterial species are the cause of substantial crop losses [171]. The study of such
plant pathogens has led to the paradigm in which an inoculum of plant pathogenic bacteria
immigrates to leaves through various means, and proceeds to multiply to large numbers
on the leaf surface as epiphytes. It is only after the subsequent invasion of plant tissues
and endophytic colonization that the plant pathogen then causes disease [107, 122]. It is
generally believed that epiphytic microbes are subjected to harsh conditions while they are
on the surface of the leaf. In such a setting they must contend with numerous environmental
stresses, such as rapid fluctuations in temperature, moisture, and UV radiation [193]. In
addition, distribution of needed resources such as sugars and possibly water on the leaf
surface appear to be uneven and limited [104]. These observations have led to speculation
that motility of microbes on leaf surfaces is an essential trait that they could use to either
acquire such resources or to avoid environmental stresses by locating sites more conducive
for growth or survival [63, 10]. It is thought that the interior of the leaf would provide
considerable respite from the environmental stresses seen on the leaf surface [10]. Because of
this, motility of cells on the surface may also contribute to increased encounters and entry
into stomata or surface openings in which they could avoid environmental stress. Secretion
of e↵ector proteins into the apoplastic environment have also been shown to suppress host
defenses [122]. Presumably, such interactions can only occur in the interior of the leaf, as
the leaf cuticle would physically prevent such direct interactions of bacteria with their host
cells [122, 94]. It is clear, therefore, that the ability to move in or on plants might be quite
important in the successful colonization of both the plant surface and interior.

Pseudomonas syringae: a model organism as an epiphyte and plant pathogen
Pseudomonas syringae is a taxa including a relatively broad group of related bacteria

that is most commonly associated with plant disease [72], but which also is globally dis-
tributed and associated with water sources [136, 129]. Various strains of P. syringae can
cause disease on a wide diversity of plants (tomato, bean, tobacco, barley, rice, cucumber,
kiwi, beet), although a given strain often has a relatively limited host range [7, 122]. A
taxonomic distinction of di↵erent strains of P. syringae is made based primarily on the host
plant that it can infect. This species can cause a wide variety of disease symptoms, such as
leaf spots, blights, flower bud blasts, blisters, and cankers [127]. P. syringae pv. syringae
strain B728a, the focus of this study, causes brown spot disease of snap bean [70], but is also
known to infect Nicotiana benthamiana [126]. This strain, like certain other strains of P.
syringae can incite frost injury to frost-sensitive plants because of its ability to nucleate ice
at relatively warm subfreezing temperatures [73]. Because P. syringae strains are commonly
found on plants in high numbers as epiphytes, this species has become a model organism
for the study of epiphytic behavior of bacteria. Before initiating disease, P. syringae strains
grow to large epiphytic population sizes (averaging 106 to 107 cells per cm2) on healthy
leaves [107], thus increasing its likelihood of subsequent invasion through stomatal openings
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or wounds. Subsequent multiplication, movement, and growth of P. syringae within the
apoplast eventually results in disease, identified as either chlorotic brown spot lesions on
leaves, or water-soaked lesions on bean pods [11, 73]. Because the genome sequence of P.
syringae pv. syringae strain B728a was among the first determined in this species [50], the
strain also has become a valued model organism because of the ease with which genetic and
genomic studies can be performed.

Flagellar and fimbrial factors in P. syringae

Motility is of special interest as a virulence factor of plant pathogenic bacteria, as it is
a widely conserved phenotype [139, 79]. While P. syringae can move using flagella, other
surface appendages such as retractile fimbriae might also enable it to move [117, 155]. The
former will be a focus of Chapter 2. The loss of flagellar motility has been shown to decrease
the virulence and survival of many pathogens [63, 45, 58, 61]. P. syringae has been shown to
require flagellar motility for full virulence on bean [63, 143]. As noted above, exploration of
the leaf surfaces is presumed to be important in an epiphytic lifestyle, as nutrient oases and
protected sites such as trichomes and stomata are not uniformly dispersed across a leaf surface
[104, 107, 10]. It is presumed that the loss of flagellar motility reduce the ability of P. syringae
to access the most suitable sites for colonization [63, 10]. Flagellar-based motility has been
an extensively studied and well-known form of movement exhibited by many microorganisms
[79]. Several forms of flagellar-based motility exist, dependent on the local environment. In
aqueous environments, swimming motility occurs through a liquid medium, and involves
unhindered rotation of a surface organelle known as a flagellum. Under conditions of limited
water availability, a subset of swimming motility known as swarming motility is said to
occur [85], and is thought to involve multi-flagellarity and can be dependent on production
of additional factors such as biosurfactants [138, 141, 85]. That is, environments such as a
moist leaf where water may be found only in a thin film, flagellar function may be inhibited
by their interactions with surfaces unless such friction is alleviated by biosurfactants. In
P. syringae, flagellar-mediated motility has been shown to contribute to both epiphytic
survival [63] and invasion into the leaf apoplast [143]. It is thought that in plant pathogens,
pathogen movement and entry into stomata is the first step in the infection process [122], and
evidence suggests that this process could be mediated by flagellar motility [143, 66]. Such a
process may also be facilitated by directed movement of cells towards sites of invasion using
chemotaxis towards chemical resources found at such sites [79]. As quorum sensing has been
shown to inhibit motility of P. syringae [149], it has been suggested that this may reflect a
process in which cells suppress their ability to move after they have reached suitable sites
for surface growth, presumably with abundant nutrient sources [149]. The role of motility
and later stages of plant colonization is poorly understood. While it is presumed that only
a few cells of a plant pathogen such as P. syringae enter a leaf at a given site such as a
stomata, the size of lesions that eventually can form is much larger than the initial sites of
invasion. Given that cells of the pathogen can be found throughout the lesion, it seems clear
that the pathogen must have spread intercellularly. A common feature of lesions formed
by bacterial plant pathogens is the presence of water congestion in the intercellular spaces.
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This symptom, often known as water-soaking, occurs early in the infection process, usually
before tissue necrosis occurs [73]. Such a water congested tissue is presumably conducive to
the movement of pathogens such as P. syringae, although the bacterial traits that enable it
to move intercellularly have not been previously assessed. Furthermore, it is unknown how
quantitative di↵erences in bacterial motility a↵ect its interactions plants such as epiphytic
colonization, invasion into plants, and subsequent dispersal within plants, since previous
studies have only examined strains with and without flagellar motility. We investigate the
role of quantitative di↵erences in motility measured as di↵erences in swimming and swarming
motility on plant virulence in Chapter 2.

In addition to flagellar motility, type IVa fimbriae, which are thin, retractile protein
filaments typically between 5-10 um in size [33, 135] are found in P. syringae pathovars, and
may be involved in a form of motility known as twitching motility. This form of motility is
achieved through the extension, adhesion, and retraction of the pilus protein filament [155,
154]. While there are other types of motility assigned to type IV fimbriae, such as crawling,
slingshot, and walking motility [33], twitching motility has been the most extensively studied,
and appears to be prevalent in many di↵erent taxa [117]. They have been shown to retract
at rates of 0.5 µm/s for Pseudomonas aeruginosa [167], which is approximately 140-fold
slower than the average speed flagellar motility exhibited by various Pseudomonas species
[120]. Thus, twitching a generally considered to be a slow and localized form of motility that
some bacterial species may utilize. In other P. syringae strains, type IVa fimbriae have been
shown to be retractile [155], and loss of these fimbriae resulted in reduced adhesion to leaf
surfaces. It was also shown that the virulence of the type IVa fimbriae mutant and the wild-
type strain was similar when directly inoculated into tomato leaf intercellular spaces [154].
In that study, there was no attempt to measure the e�ciency of the infection process from
topically applied inoculum. We have extended such a study by addressing the contribution
of these presumably retractile type IVa fimbriae to the invasion and infection of leaves, as
well as to the movement within the apoplast of bean in Chapter 3.

Other adhesive factors such as chaperone-usher (CU) fimbriae have been addressed ex-
tensively in mammalian systems as involved in attachment [24], yet only one report has
shown a role of CU fimbriae in a plant pathogen. In a single study, a subgroup of CU fim-
briae (type I) in Xylella fastidiosa were shown to contribute to its adhesiveness to surfaces,
and thus its ability to form biofilms. CU fimbriae were also shown to suppress twitching
motility in this pathogen [40]. Similarly, a single report on the involvement of Flp fimbriae in
virulence in Ralstonia solanacearum has appeared, although it did not dissect these stages
of the infection process which such a pilus may have played a role in the interaction with
the plant.

Since surface appendages such as fimbriae can contribute to both motility and adhesion, it
might be expected that there would be a conflict in such roles. To enable twitching motility,
such fimbriae must reversibly attach to surfaces to be able to ‘pull’ the cell along when the
pilus is retracted [167]. Clearly, if non-retractile fimbriae mediate attachment of cells to the
surfaces being colonized, they would tend to inhibit motility across such surfaces. That
is, fimbriae could act as ‘anchors’ for cells, thereby restricting their ability to move. Such a
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phenomenon has clearly been shown in the case of X. fastidiosa in which short adherent type
I fimbriae reduced the movement of cells despite the presence of type IVa retractile fimbriae
[106]. The free movement and attachment of cells of plant pathogen such as P. syringae
therefore are in conflict, and a complex interplay to the behavior of such a plant pathogen
on plants seems likely. In this study we investigated the role of adhesive fimbrial factors in
modulating di↵erent forms of motility and attachment on plant surfaces, movement in the
apoplast, and incitation of disease in Chapter 3. The goal of the work was to deepen our
understanding of the role that motility plays into the behavior of P. syringae by studying
how quantitative variation in motility as well as how fimbrial adhesive factors are involved
in various aspects of interaction of plant pathogen with its host plant.
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Chapter 2

Contribution of motility to virulence
of Pseudomonas syringae

2.1 INTRODUCTION

Motility is a conserved trait throughout all domains of life [164, 121, 151, 77], and while it
is not a trait present in all organisms, it is presumed to be beneficial. Motility solves many
of the challenges microorganisms face in the environment, allowing them to find their hosts,
explore more expansive areas of their microenvironment, obtain access to protected niches
and nutrient stores, and to disperse to new locations. Many bacterial species can move by
swimming and swarming, however some bacteria are only capable of on or the other [85,
79, 133]. While both are flagellar driven activities [64], there are key di↵erences. Swarming
motility is usually assessed as the movement across semi-soft agar surfaces [85]. In fact, as
flagella are usually required for swarming, it has been described as a subset of swimming,
where movement occurs in a film of moisture rather than in a more three-dimensional aqueous
habitat [28, 142]. Biosurfactant production is necessary to enable swarming motility to occur,
as it likely acts as a lubricant [20, 85]. Additionally, swarming motility is often associated with
quorum sensing in many taxa, and other traits such as cell elongation and hyper-flagellation
are sometimes seen in cells that are swarming [149, 36, 137, 26].

Swarming motility has been reported in a wide variety of bacterial species, such as the
genera Proteus, Vibrio, Salmonella, Escherichia, Bacillus, and Pseudomonas [57, 77]. In
some species, swarming has been associated with biofilm formation, virulence gene expres-
sion and antibiotic resistance [27, 1, 204]. However, nearly all previous experimentation has
been performed in vitro, and whether this swarming phenotype is exhibited in more natural
settings correlating to biologically relevant behavior has yet to be shown [133].

Most studies of motility usually utilize knockout mutants with large quantitative di↵er-
ences in movement. While informative, such studies usually conclude that movement is an
important trait, and the binary quantification of such a trait restricts the ability to determine
the quantitative relationship between motility and pathogen behavior in the host. Pheno-
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typic diversity of traits such as motility have been observed even at a species level, as current
advances in light microscopy, cytometry and microfluidics demonstrate that even within a
clonal population, there is variation at the level of expression and reactivity to environmental
conditions [38]. For example, variation in expression of fliC in Salmonella apparently enables
motility of a subpopulation of cells that are otherwise immobile in a given setting, and it
has been proposed that this behavior is part of a bet hedging scheme [170]. Taken together,
more investigation of the role of motility in the behavior of bacteria in natural settings is
necessary. Ideally, such studies would be conducted using nearly isogenic strains di↵ering
quantitatively in motility.

During the course of my studies, I found that 11 strains of Pseudomonas syringae pv.
syringae B728a (P. syringae), recovered from various laboratories as archival samples of an
original donor source made over 30 years ago, exhibited substantially di↵erent degrees of
swarming motility. As these strains were all clonal, it was presumed that they were near
isogenic and hence represented a valuable resource by which the quantitative relationship
between motility and the behavior of P. syringae in and on plants could be assessed. This
study therefore documented the variations of motility of these related clonal strains and
compared their ability to cause disease after topical application to plants, a process that likely
involves both movement to sites of invasion as well as dispersal within tissues after invasion.
In addition, the ability of such strains to move within plant tissues after direct introduction
into the tissue enabled us to assess separately the role of motility in movement of this
pathogen within plants. As the strains were expected to be nearly isogenic, and as at least
one member was previously subjected to high quality Sanger sequencing, each of the strains
was re-sequenced to identify the genetic di↵erences contributing to their di↵erential ability
to swarm. A positive linear correlation was found between in vivo plant disease phenotypes
and the degree of in vitro swarming and swimming phenotypes the strains could achieve,
indicating that motility was important in the infection process. Genomic re-sequencing
analysis revealed several genes involved in attenuating motility.
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2.2 RESULTS

Nearly isogenic Pseudomonas syringae pv. syringae B728a and derivative
laboratory strains exhibit a broad and stable range of swarming motility.

To investigate whether motility was a variable trait in P. syringae, laboratory strains
were collected from various researchers that have studied this strain and therefore would
have stored them at di↵erent times after their original isolation from an infected Phaseolus
vulgaris bean leaf in Wisconsin [112]. Such strains were denoted as non-selected variants,
as they had been maintained as wild-type B728a strains in the laboratories, and were not
subsequently selected for any specific characteristic prior to storage. These strains were
presumably nearly isogenic as they all originated from the same environmental isolate [68],
and a tree can be drawn as to their known relationships based on a survey of contributors
(Fig 2.1A). These strains exhibited no di↵erence in growth when vacuum infiltrated into
plants or when grown in culture media (Fig 2.2). A previously Sanger sequenced isolate of P.
syringae B728a [50] was included in the study as non-selected variant 8 (ns8). Spontaneous
mutant variants with altered motility were also included in this study, and selected from a
hyper-motile strain ns8 as well as a less motile strain ns3. The spontaneous mutants and
were designated selected variant 8 (sv8) and selected variant 3 (sv3), and swarmed either
less or more than their parental lines, respectively. While the colony morphology of sv3
appeared similar to that of its parental strain, when cells spotted on KB plates were misted
with mineral oil to assess biosurfactant production, sv3 spread more than other colonies
2-3 days post-test, with a less three-dimensional appearance than other variant strains. sv8
colonies had an altered morphology, with noticeably di↵use borders and more translucent,
flatter colonies on the plates. This variant also exhibited modestly deficient growth in planta,
though it appeared to grow normally in culture. The colony morphology of the non-selected
variants appeared identical (Fig 2.3A) and they did not di↵er in growth after infiltration
into plants or in vitro (Fig 2.2).

Importantly however, the swarming motility of these nearly isogenic P. syringae strains
on semi-soft plates varied greatly (Fig 2.3B, Fig 2.5), as had been seen previously. Because
swarming motility is highly dependent on the nature of the moist surface on semi-soft agar
plates [179], it was important to have high levels of biological, technical and spatial repli-
cation of colonies on plates to accurately assess the swarming capabilities of these strains.
Despite the inherent variation in swarming ability of a given strain, the relative swarming
capability of the di↵erent strains, as measured by the area of the tendrils formed by colonies
after inoculation, was highly reproducible, and were strongly positively correlated in repli-
cate studies, with a Spearman’s rank correlation coe�cient between 0.955 and 0.973 for
all pairwise comparisons of three independent experiments, with a p-value < 0.0001 for all
comparisons.
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Swarming and swimming phenotypes in B728a are positively correlated for a
given strain

While swarming has been called ‘swimming on a solid surface’ [64], swarming and swim-
ming are not functionally identical, and several di↵erences in morphology of the cells, their
social behavior, and the di↵erential genetic regulation have been noted in the literature [85,
15]. In order to determine whether the di↵erential swimming and swarming motilities of the
variant strains were linked, concurrent swimming and swarming assays were performed for
each strain (Fig 2.6). Generally, those strains which exhibited the highest ability to swarm
also had the highest rate of swimming motility. A significant positive correlation was seen
between the area of swarming colonies and the diameter of colonies in a swimming assay,
with a p-value of 0.004. While most of the strains fell within the 95% confidence interval
boundaries of a linear relationship between these two traits, strain sv3 exhibited a higher
ability to swim than expected based on the rate at which colonies expanded in a swarming
assay, suggesting that di↵erent factors could modulate swimming motility and swarming
motility in this species.

The virulence of P. syringae B728a strains was positively related to their
motility in culture

The ability of P. syringae B728a variants di↵ering in motility to cause disease in bean
were assessed in two di↵erent types of assays. The variants were spray inoculated individually
onto the surface of bean trifoliate leaves and allowed to develop disease symptoms, resulting
in brown spot lesions. These lesions are characterized by necrotic central zones surrounded
by a yellow halo [70]. For lesions to form, P. syringae cells would first have to move into
stomata or other natural openings on the leaf and subsequently spread intercellularly. Field-
grown susceptible Phaseolus vulgaris bean plants were spray inoculated with the variant
strains in a randomized complete block design. Plants were sprayed at nightfall so that
leaves would remain wet for at least 12 hours before the next day. Lesions were allowed to
develop over a period of 2 weeks and the number of brown spot lesions on trifoliate leaves was
enumerated visually. The incidence of brown spot lesions was positively linearly correlated
with the relative swarming motility of a given variant (Fig 2.7A). That is, those variants
which exhibited the highest swarming capability caused the most brown spot lesions. The
greater motility observed on swarming plates appears to be predictive of the ability of a
strain to either invade plant tissue and/or to propagate within tissues to cause disease. The
exception to this positive correlation between swarming capability and lesion formation was
sv3, as it incited fewer lesions than expected given its relatively high swarming motility.

In order to directly observe the e↵ect of di↵erential motility of P. syringae strains on
movement inside host plants, bean pods were inoculated with P. syringae cells by syringe
inoculation, bypassing the initial invasion step, and the subsequent location of cells was
determined based on the presence of generally water-soaked lesion symptoms, though a small
proportion of lesions would dry out and develop a brown hue, perhaps due to non-specific
plant defense responses [67, 44]. As was seen in assays of leaf lesions, bean pod lesion size
was also positively correlated with the area of variant colonies determined on agar plates;
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those variants exhibiting higher swarming motility on plates also caused larger water-soaked
lesions after infiltration into bean pods (Fig 2.7B). Again, the size of pod lesions incited by
sv3 was lower than that expected based on its relative swarming motility (Fig 2.7B).

A strong positive correlation was observed between the number of brown spot lesions
on leaves and lesion size on bean pods (Fig 2.8). These results suggest that intercellular
movement of P. syringae variants may have been a dominant process dictating the number
of brown spot lesions that had formed, since presumably it is intercellular movement that
dictates the size of water-soaked lesions on inoculated bean pods. Interestingly, while sv3
exhibited less ability to cause brown spot lesions or to enlarge pod lesions after inoculation
than expected based on its relatively high swarming ability in culture, its relatively low
apparent intercellular movement evidenced by relatively small population sizes was predictive
of the low numbers of leaf lesions that it could incite (Fig 2.8).

Biosurfactant production of variants
Swarming motility in most bacteria, including P. syringae B728a, is highly dependent

on biosurfactant production to reduce surface tension on surfaces harboring relatively little
water [21, 87]. We thus posited that di↵erences in levels of biosurfactant production in
the B728a variants could account for their di↵erences in swarming motility (Fig 2.5) and
virulence to host plants (Fig 2.7). To test this hypothesis, an atomized oil overspray
assay was used to detect biosurfactant halos around overnight colonies of the variant strains
(Fig 2.9) [20]. All strains were spotted on the same plate for each of 4-5 replicates to
minimize variation associated with growth on di↵erent plates. Biosurfactant production can
be suppressed at higher temperatures [20], so strains were grown both at 22°C (a temperature
permissive for biosurfactant production) as well as 28°C (a suppressive growth temperature).
The amount of biosurfactant produced was determined from the area of visual halos produced
around each variant strain and the means were compared among the strains with one-way
ANOVA (Table 2.1). At both 22°C and 28°C, a Tukey homogeneity of variances (HSD)
post hoc pairwise comparison of all non-selected strains, as well as strain sv8 revealed no
di↵erence in biosurfactant production between the strains tested. Only strain sv3 could
be shown to exhibit significantly lower biosurfactant production when pairwise comparisons
were performed between it and the following strains: ns1, ns2, ns3, ns5, ns6, ns7, and ns9.

To determine if biosurfactant production played a role in apoplastic movement in bean
pods, suspensions of a �syfA mutant (involved in syringafactin synthesis), a �rhlA mutant
(involved in rhamnolipid synthesis), and a �syfA�rhlA double mutant were each syringe
inoculated into a given bean pod, 2 cm apart, in a random order to minimize pod position
bias and incubated for 3 days. The area of water-soaked lesions were quantified. Drier brown
lesions were formed in 2 out of 15 pods inoculated with either �syfA or the �syfA�rhlA
double mutant by three days. Only water-soaked lesions were seen at sites inoculated with
either a WT strain or a �rhlA mutant, even on the same pod. The average lesion size
incited by both �syfA and the double mutant appeared lower than the wild-type strain,
but this di↵erence was only significant in the case of the �syfA mutant (Fig 2.10). Thus
there appears to be some support for the contribution of syringafactin but not of HAA in
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intercellular movement of P. syringae in bean pods.

Illumina re-sequencing reveals single nucleotide polymorphisms
In order to detect individual mutations that might account for the di↵erences seen in

motility of the P. syringae variants, all selected and non-selected strains were submitted for
paired-end Illumina re-sequencing. The analysis of the sequences was greatly facilitated by
the presence of a high quality Sanger sequence of variant ns8. A single lane was used to
sequence the multiplexed variant strains, yielding a total of 186 million reads, of which 26.0%
were discarded for low quality (presence of ‘N’s in read). Each library contained between
6.7 million to 14.3 million reads, with 18-59x coverage.

In total, 5 single nucleotide polymorphisms (SNPs) that were located in coding regions
were found among the collection of variant strains (Table 2.2). The identities of these SNPs
were confirmed at each of these locations in the relevant strains by Sanger sequencing of
PCR amplified fragments (data not shown). Three SNPs were located in genes of unknown
function (Psyr 0853 and Psyr 2341), with 2 SNPs clustering next to each other in Psyr 0853,
and 2 SNPs were located in genes with annotated functions (Psyr 3587: Intracellular Sep-
tation Protein A (ispA) and Psyr 4555: RNA polymerase beta subunit (rpoB)). All SNPs
led to either non-synonymous amino acid changes or to premature translational stops (Table
2.2).

An additional 7 SNPs were identified within two genomic regions: 739416-739465 (3 SNP
calls) and 951716-951882 (4 SNP calls) due, apparently, to sequencing errors in the original
Sanger sequence (Table 2.3). When these calls were compared across the variants and the
reference strain, they were upheld across all variants, including the re-sequenced reference
strain, suggesting that they represented errors in the original Sanger sequence.

Generated knock-outs of mutations recapitulate altered swarming motility
Kanamycin-marked site-directed deletion mutations were successfully introduced into

strain ns8 following the method outlined by Datsenko and Wanner [37]. Strain ns8, in addi-
tion to being the variant that had undergone complete Sanger sequencing, unsurprisingly did
not have any SNPs that were not also shared by all of the other variants, and thus was an
ideal background in which to introduce the mutations. Three of the SNPs found (ns4: loci
Psyr 0853; ns1: Psyr 2341; sv8: Psyr 3587 (ispA)) were successfully introduced separately
into ns8, and confirmed by PCR (data not shown). All three knockouts exhibited signifi-
cantly reduced swarming (Fig 2.11), suggesting that each was required for full motility. A
variant of �Psyr 3587 in which the kanamycin marker was deleted was also constructed.
This markerless deletion mutant exhibited the same decreased motility as the marked dele-
tion strain compared to the parental strain ns8, verifying that the kanamycin marker gene
itself did not suppress motility (data not shown). Given that the reconstructed Psyr 3587
mutant exhibited very low motility, ispA appears necessary for full motility in P. syringae.
The reduction in swarming motility seen in �Psyr 3587 (92.7% reduction compared to ns8)
is similar to that exhibited by sv8 in three replicate experiments (90.8% to 98.1%). The
disruption of the target genes in the �Psyr 2341 and �Psyr 0853 mutants seems to account
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for only part of the hypo-swarming phenotype seen in the corresponding non-selected vari-
ants as they exhibited only a 34.3% and 36.3% decrease in swarming motility relative to
ns8, respectively, while ns1 is 81.4% to 97.0% less motile than ns8, and ns4 is 68.7% to
72.2% less motile than ns8 in 3 replicated experiments. This suggests that while disruption
of Psyr 3587 can account for the immobility of strain sv8, loci Psyr 2341 and Psyr 0853 can
only account for part of the lower mobility of ns1 and ns4 relative to more motile strains.

An ispA homolog is implicated in septation
While Psyr 0853 and Psyr 2341 are hypothetical proteins with unknown function, Pysr 3587,

which is altered in variant sv8, is annotated as a homolog of an intracellular septation pro-
tein, with 44% identity to Shigella flexneri YSH6000T ispA (Accession no. D42071), which
has been experimentally shown to be involved in septa formation. The morphological char-
acteristics of colonies of sv8 are consistent with this proposed function in P. syringae. Strain
sv8 is almost completely non-motile and has a very di↵erent colony morphology than its
parental line ns8, and has colony borders that are more di↵use (Fig 2.3A), with a ragged,
textured morphology on closer inspection (Fig 2.12C). To visualize individual cells of this
variant, a constitutive GFP marker gene carried on a the stable pProbe [125] based plasmid
pKLN42 was introduced into both the parental hyper-swarming strain ns8 and the nearly
immobile strain sv8. Strain sv8 cells were extremely long and tangled (Fig 2.12A), and
showed a defect in normal cellular division compared with those of the parental ns8 B728a
strain (Fig 2.12B).

rpoB

An rpoB homolog was shown to be altered in strains ns2 and ns4 (branch 1) compared
to that in strain ns8 and other variants (Fig 2.1A). These two variants harbor a ‘G’ instead
of a ‘T’ at genomic position 5412614, corresponding to nucleotide position 2889 in rpoB,
resulting in substitution of a cysteine for glycine at amino acid position 1297 (Table 2.2).
A BLAST search revealed that the rpoB found in the ns2-ns4 branch of these variants
(Fig 2.1A) was likely to be ancestral, as the three closest homologues to the rpoB strain
showed greater identity with branch 3 strains than with strains in branch 2 and branch 1
via orthologue comparison from the Pseudomonas Genome Database [198, 4] (P. syringae
pv. phaseolicola 1448A (rpoBbranch 3: 3938/4074 nucleotide identity (nti); rpoBNC007005.1:
3937/4074 nti), P. syringae pv. tomato DC3000 (rpoBbranch 3: 3886/4074 nti; rpoBNC007005.1:
3885/4074 nti), and P. brassicacearum pv. brassicacearum NFM421 (rpoBbranch 3: 3685/4075
nti; rpoBNC007005.1: 3684/4075 nti)).

Illumina re-sequencing reveals indels in intergenic regions.
Insertions and deletions of heptameric short simple repeats (SSR) were found in the

intergenic regions of some variant strains. While reassembly with Illumina sequencing data
(both de novo and constrained to the reference sequence) did not reveal indels in these
repetitive regions, they were revealed during sequencing of a SNP call at genomic position
5433266 that had a read frequency below 85%. A repetitive element having a deletion in a 98
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bp SSR multiple motif region (mmotif4) (7 repeats with a CAAGCTG motif followed by 7
repeats with a CAAGCTA motif) was found in non-selected variants ns1 to ns7, as well as in
strain sv3 (Table 2.2). This repetitive region is directly upstream of Psyr 4568, encoding an
iron-sulfur cluster insertion protein ErpA, which is apparently involved in respiration (Table
2.2).

Prediction of promoters upstream of erpA
The number of repeats in the mmotif4 intergenic region corresponded with a division of

the non-selected variants between the more restrained swarmers (ns1, ns2, ns3, ns4, sn5, and
ns6) and the more rapid swarmers (ns7, ns8, and ns9). The gene immediately downstream
of this region (erpA) encodes a protein potentially involved in Fe-S cluster tra�cking in
Escherichia coli [146]. As limitations in iron can have an e↵ect on swarming motility [178],
it is possible that this important regulatory protein may also indirectly a↵ect motility. We
posited that promoters for these genes were located within the intergenic region harboring
the repetitive sequences. This hypothesis was tested using the promoter prediction soft-
ware Virtual Footprint version 3.0 (VFP) (sensitivity: 0.8; core sensitivity: 0.9; Position
Weight Matrices: AbrB-Bacillus subtitlis-168, AlgU (-10)-Pseudomonas aeruginosa, AlgU (-
35)-Pseudomonas aeruginosa, and AlgR-Pseudomonas syringae-DC3000) [132] and BPROM
(Softberry) to predict potential promoter targets in the intergenic region. VFP predicted
the presence of a -10 promoter box (‘GCTTCAAGC’) located 249 base pairs upstream of
erpA that was present in the proper orientation (- strand) (Fig 2.13). A secondary predicted
-10 promoter box (‘GATCAAATA’) was located only 85 base pairs upstream, although the
VFP algorithm indicated that this promoter was present on the opposite (+) strand, while
both of the surrounding loci argC and erpA are present on the - strand. An almost identical
region (‘CGATCAAAT’) located 86 base pairs upstream was identified by BPROM as a -10
promoter box, with a -35 promoter box (‘TTGCAG’) located 106 base pairs upstream.

erpA over-expression leads to a decrease in swarming motility
To test the resulting hypothesis that over-production of erpA would result in reduced

swarming of ns8, it was introduced on a multi-copy plasmid. To ensure a high level of
expression of erpA, a trp promoter was fused upstream of erpA in the stable plasmid pVSP61
[111], and the resulting plasmid introduced by electroporation into strains ns5 and ns8.
Over-expression of erpA in both a hyper-swarming background (ns8) and a hypo-swarming
background (ns5) led to a decrease in swarming motility in both cases (Fig 2.14). Knocking
out the repetitive region was attempted, but these attempts were unsuccessful.

erpA transcript abundance is not linked to di↵erences in swarming motilty
Given that over-expression of erpA led to reduced swarming motility in two di↵erent P.

syringae strains, we hypothesized that its di↵erential expression in di↵erent variant strains
due to variations in the repetitive intergenic sequences present could account for at least
some of the di↵erential motility seen in the collection of P. syringae strains. To examine
whether strains di↵ering in motility also di↵ered in expression of this gene, qRT-PCR was
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used to compare transcript abundance of a collection of strains with progressively higher
swarming ability (strains ns3, ns6, ns7, ns8). RNA was collected from cells harvested from
KB swarming plates and transcripts of Psyr 4555 (rpoD) and Psyr 3981 were used as en-
dogenous controls in 2 independent experiments. The transcript abundance of erpA and that
of the upstream intergenic region did not consistently di↵er among this collection of strains
(Fig 2.15), and thus there was no support for the premise that erpA expression di↵erences
accounted for variations in motility in P. syringae.

Heptameric SSRs are found across the genome in intergenic regions
Given that repetitive DNA sequences are more prone to variation than other parts of the

genome, we considered that changes in such regions which might include promoter elements
could lead to di↵erential expression of other genes in the genome. Insertion elements and
repetitive elements have been well characterized in P. syringae B728a [50]. However, SSRs
have not been well studied. To discover how widespread SSRs were across the genome,
intragenic and intergenic sequences for P. syringae B728a were obtained from the Integrated
Microbial Genomics database [116] and processed using Gramene, a tool to locate SSRs
[191], with the the following settings: motif length: up to decamers; minimum repetitive
motif number: 4. While heptameric SSRs are found across the genome, all were localized
within intergenic regions. Interestingly, trimeric repeats were not found in intergenic regions,
and were only localized in intragenic regions of the genome (Table 2.4). Additional Sanger
sequencing of heptameric SSR regions that were identified revealed either deletions (ns1) or
insertions (ns2 and ns4) in only one additional intergenic region around genomic position
positions 608311-608317 (Table 2.4). All other intergenic locations were identical in sequence
to both those in the reference genome and in each other.

Phylogenetic relationship of strains based on SNPs and indels shows agreement
with known relationships of the strains

While the historical connections and putative origins of most of the P. syringae variants
tested were known (Fig 2.1A), we determined whether the genetic variations identified in
some of these strains were congruent with such a relationship. The identified SNPs and indels
were concatenated into short sequences, which allowed for the development of a phylogenetic
tree using DNA parsimony with Phylip analysis software version 3.69 [51] (Fig 2.1B), retain-
ing the most parsimonious tree of 10,000 generated. The resultant phylogenetic tree agrees
closely with the presumed historical hierarchy of the relationships of these variants.
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2.3 DISCUSSION

While motility is considered to be an important phenotype that contributes to epiphytic
survival and virulence in Pseudomonas syringae [63, 47, 143], there are potentially many
di↵erent interactions of this pathogen with the plant to which motility might contribute.
Likewise, rather than being a qualitative trait necessary for a given function, there is likely
a quantitative influence of this phenotype on this interaction. Furthermore, while motility
is rather easy to assess in culture, it is unclear whether the described motility in culture is
equally expressed in natural habitats such as in or on plants. Therefore we reasoned that
if the quantitative relationship between motility in vitro and a behavior in planta could
be seen, this would suggest a similar motility function both in culture and on plants. In
this study, we attempted to partition the role of motility on leaf surfaces from that in the
intercellular spaces of plants by separately assessing the ability of P. syringae variants to
incite leaf spots, which presumably would require both processes, and that of the expansion
of lesions after introduction into the intercellular spaces. We thus took advantage of natural
variation in flagellar motility exhibited by nine nearly isogenic P. syringae B728a laboratory
strains that were not subject to overt selection, as well as two derived strains that were
subject to selection for altered motility.

The connection of motility in vitro and motility in vivo in literature
The necessity of flagella for successful invasion and colonization of its host has been well

documented [143, 152, 75]. However, in these cases, only strains with complete loss of motility
were examined. The quantitative relationship between ability to swim and disease causation
remained unclear. In addition, while it is clear that flagella are used by topically applied
bacteria to invade the plant [143], it was unknown whether the plant environment lends
itself to free swimming, surface motility such as swarming, or both. This is an important
distinction, as su�cient water to allow free swimming may be uncommon on leaves while
more complex gene regulation and synthesis of auxiliary compounds such as surfactants
are required for swarming motility [85]. There is some argument that swarming is simply
a limited form of swimming that requires accessories such as biosurfactants to enable it to
occur in the thin film of moisture that might be present [64], such as on leaf surfaces or
in the intercellular spaces. There are numerous examples in which swarming of strains is
inhibited, but swimming is not, such as that of recAmutants of Escherichia coli, swr mutants
deficient in surfactin production in Bacillus subtilis, a syfA mutant deficient in syringafactin
production in P. syringae, and a waaL mutant deficient in O-antigen ligase production in
Proteus mirabilis [59, 86, 21, 128]. These observations suggest that swarming motility, being
flagellar dependent, is simply a specialized form of swimming motility that requires accessory
traits.

There is a single report that Pseudomonas aeruginosa clinical isolates from hospital pa-
tients without cystic fibrosis di↵ered in the relationship between their swarming and swim-
ming motility [133]. A great deal of variation in motility patterns was seen among the isolates.
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Importantly, only 1/227 (0.4%) of the culturable P. aeruginosa strains exhibited swarming
motility without also having the ability to swim or twitch. In contrast, 10/227 (4.4%) of the
strains were able to swarm without being able to swim, but retained the ability to twitch.
A large majority of the strains exhibited both swarming motility and swimming motility
regardless of twitching status (58.1%), and 37% of the clinical isolates were incapable of
swarming under any conditions [133]. These results suggest that while flagellar-driven swim-
ming ability is strongly linked to swarming in many strains, it is possible for some strains to
swarm via their production of retractile pili, which also allows movement on drier surfaces
where swarming is not possible. The strains that were able to swarm well also tended to
produce less biofilm and more protease, and exhibited higher expression of genes involved in
the type III secretion system more highly [133]. While that report details the relationship
between swimming and swarming motility of various clinical isolates, it did not address how
motility contributed to their virulence in vivo. That is, no information was provided on the
severity of symptoms of patients infected with a given strain, and thus falls into the common
trap of drawing conclusions from only in vitro phenotypes. Our investigation attempted to
test the relevance of in vitro swimming and swarming motility to the in vivo behavior of P.
syringae on plant hosts. Strong evidence that swarming activity measured in vitro was pre-
dictive of the virulence of P. syringae suggested that swarming does, in fact, occur on plant
surfaces. Furthermore, the strong relationship between the incidence of infections incited
from topical inoculation and the rate at which cells apparently moved in plant apoplasts
strongly suggested that swarming motility also occurred within plants, and that lesion for-
mation is strongly dependent on movement of cells within the plant after invasion from the
leaf surface.

Extrapolating the biological relevance of water-soaked lesions on bean pods
While reports in the literature mention the development of water-soaked lesions on bean

pods infected with P. syringae [70, 48], there is limited discussion in the literature of the
appearance of brown necrotic lesions that have been noted in agricultural fields [71, 65,
162, 101]. This may be due to di↵erences in the age of the lesions assessed, or the water
status of the bean pod, as the bean pod experiments were carried out on independent bean
pods unattached to the parent plant, and lesions less than three days of age did not generally
exhibit these symptoms (J. Cho, unpublished observations). A systematic analysis of disease
symptoms of attached bean pods in the field would help determine whether these browned
lesions are an artifact of the inoculation system used, however, it is likely that these brown,
generally smaller lesions reflect necrosis of the bean pod tissue, as is seen in leaf tissue
[71]. General non-specific plant defense responses may also have a role in these necrotic
lesions, perhaps restricting access to nutrients and water (J. Cho and R. Scott, unpublished
observations) [67, 44].

Role of surfactants
While it was known that flagellar motility was necessary for successful invasion and col-

onization of common bean plants by P. syringae B728a [143, 63], it was unknown whether
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swimming motility or swarming motility (or both) were employed in the apoplast. The
transpiration stream is thought to coat the plant cell walls of the apoplast in a thin film of
water [28, 142]. Swarming motility has been characterized as coordinated movement across
a surface covered in a thin film of liquid [180, 41]. This film of liquid is drawn up through
the semi-soft agar surface through the action of either surfactants or osmolytes [20, 208].
P. syringae B728a produces two known biosurfactants: rhamnolipids and syringafactin [20,
21], both of which appear to be involved in swarming motility, with syringafactin being the
major contributor as swarming motility is nearly abolished in a �syfA mutant [21]. It is
noteworthy that the lesion size of �syfA mutants incapable of syringafactin production in
the bean pod assay were significantly lower than those of either the wild-type strain or of
mutants blocked in rhamnolipid production (Fig 2.10). This result suggests that swarming
and not swimming motility was operative in P. syringae in the apoplastic environment. This
conclusion is also supported by global transcriptional analysis of P. syringae, which indicates
that expression of genes for rhamnolipid production are higher in the epiphytic environment
than in the apoplast, while genes for syringafactin production are more highly expressed in
cells that have invaded the apoplast [205]. Importantly, no di↵erence in biosurfactant pro-
duction by the various P. syringae variants was observed in our study (Fig 2.9), suggesting
that biosurfactant production was not the factor modulating the swarming motility of these
strains.

Variable responses of di↵erent bacterial strains to over-expression
The background transcript expression levels of di↵erent strains can determine whether

over-expression of a given gene will have a large e↵ect, even within the same species, such
as in the case of Saccharomyces and Streptomyces [60, 210]. This has been observed in
the field of metabolic engineering, where the metabolic e�ciency of various microorganisms
are fine-tuned with genetic manipulation to increase production of useful products [95, 78,
210]. Avermectins are a group of chemically related compounds important as agricultural
pesticides and anti-parasitic agents, and are produced by the soil actinomycete Streptomyces
avermitilis [210]. As such, they have been extensively studied as an ideal target for metabolic
engineering in order to increase e�ciency of avermectin production [89, 32, 210]. Over-
expression of the S-adenosylmethionine synthetase gene metK has been found to stimulate
the production of antibiotics in other Actinomycete species [89, 32, 210], but resulted in no
e↵ect in the S. avermitilis avermectin-overproducing industry strain 76-05, a 2-fold increase
in the avermectin-B producing strain GB-165, and a 5.5-fold increase in the wild-type strain
ATCC31267 [210]. Examination of transcript levels of the avermectin biosynthesis regulatory
gene aveR as well as the biosynthesis gene aveA1 in various S. avermitilis strains revealed a
high basal level of transcriptional expression in strains that exhibited little to no avermectin
over-production [210], presumably due to di↵erences in metabolic flux of the many regulators
and co-regulators controlling antibiotic biosynthesis in S. avermitilis, resulting in limitation
of further improvement in avermectin yield [210]. In our study, over-expression of erpA
resulted in decreased swarming motility in both hypo-swarming ns5 and hyper-swarming
ns8 strains, however the di↵erence was only significant in the hypo-swarming strain. A
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similar e↵ect is seen with these two strains over-expressing a subunit of the adhesive Flp
pilus in Chapter 3, where a larger e↵ect is observed in the ns5 than in the ns8 parental
strain background. It is intriguing that a change was observed in the attenuated strain, but
not in the hyper-swarming strain, suggesting that there are potentially separate pathways
involved in regulating motility in ns5 and ns8. As motility is a complex trait regulated by
large array of regulatory factors controlling many di↵erent pathways [204], it is possible that
a high level of metabolic expression of specific pathways feeding into the process of motility
in hyper-swarming strains such as ns8 may dampen any e↵ect of over-expression that inputs
such as erpA or flp (Chapter 3) might provide due to di↵erences in metabolic flux of pathway
components.

Septation
Both the site-directed P. syringae B728a ispA mutant and strain sv8 exhibited obvious

impairment in septation when examined microscopically. While swimming was observed in
some of the shorter septation deficient cells, it was highly impaired overall. The dramatic
reduction in both swimming and swarming in vitro can be readily explained by the fact that
such long, slow-moving strains were rather defective in movement. It is perhaps surprising
that sv8 could still incite at least some disease given its great defect in apparent mobility.
It is possible that su�cient numbers of natural entry points were located close enough to
the sites where inoculum was deposited that at least some cells could enter the plant. We
still expected that the size of leaf lesions formed by such a variant would be smaller than
those caused by the more motile strains. Interestingly, while some defect in growth in planta
could be observed, this impairment did not hinder growth as much as might be expected
from the largely immobile cells observed by microscopy J. Cho, unpublished observations),
perhaps because vacuum infiltration homogeneously dispersed the ispA mutant throughout
the leaf. While population size was only assessed at two times within the first 24 hours after
inoculation, it is likely that assessment of population size over longer time periods would
have revealed a more pronounced growth deficiency as local nutrient levels became depleted
and motility to more nutritious sites was impaired.

Re-sequencing analysis revealed a nonsense mutation at the C-terminal end of ispA,
resulting in the loss of two putative C-terminal trans-membrane domains as well as the hy-
grophilic tail of the predicted protein (Fig 2.16). This sequence appears to be conserved
throughout other Pseudomonas spp. in orthologue comparisons using Pseudomonas Genome
Database (PGD) [198]. Protein BLAST comparisons of P. syringae B728a ispA revealed a
44% identity with the functionally characterized ispA from Shigella flexneri (Sf ) serotype
2A strain YSH6000T [166]. However, unlike Sf YSH6000T, in which ispA is at the end of an
operon, and is followed immediately by a Rho-independent termination sequence, P. syringae
B728a ispA is followed by two small genes (Psyr 3588 and Psyr 3589) in the operon prior
to a series of Rho-independent transcriptional terminators and inverted repeats. Psyr 3588
encodes a YciI-like protein of unknown function having 73% identity to Sf 2A 2457T (the
complete genome of Sf 2A YSH6000T is not yet sequenced). While sequence and structural
analysis from Haemophilus influenza indicate that the predicted protein may function as a
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muconolactone isomerase, further biochemical analysis did not reveal any catalytic activity
of any of the predicted domains [194]. Psyr 3589 encodes an OmpR-like response regulator
having 46% identity to Sf 2A 2457T. The spontaneous nonsense mutation in strain sv8 and
the introduced, kanamycin-marked deletion would have resulted in polar mutations, disrupt-
ing expression of downstream genes. To determine whether ispA itself was responsible for the
phenotypes observed here, it would have been necessary to create a non-polar mutation via
the addition of a ribosomal binding site and translational start site in the deletion construct
[37], which would allow transcription of downstream genes.

The only functional characterization of ispA in the literature is from a Tn10 mutagenesis
screen in Shigella flexneri 2A YSH6000T, a causal agent of bacillary dysentery in humans,
in which such a mutant was impaired in septation only when applied to host epithelial cells
after transfer from nutrient-rich media [166]. It is unknown whether reverse transfer of these
elongated cells back into rich media would also reverse this phenotype. A S. flexneri ispA
mutant is also unable to produce septae while in a host, forming long, filamentous cells, but
this defect does not occur in rich media [166]. However, the gene organization of S. flexneri
2A appears to be di↵erent from P. syringae, as ispA homologs do not appear in operons with
YciI-like proteins or OmpR response regulators, as they do in Pseudomonas species. As a
mutation in P. syringae B728a ispA results in septation defects on both nutrient-rich media
and bean leaves, which are probably nutrient-poor, this observation suggests that regulation
di↵ers of this gene di↵ers from that of Sf, and that in P. syringae it is more generally involved
in regulation of septation.

Uncoupling in culture and in planta motility in sv3
Selected variant sv3 proved to be the sole example of a P. syringae strain in which

swarming motility was not strongly linked with virulence. This strain consistently swarmed
more rapidly across assay plates than many other variants and formed large-area swarming
colonies more characteristic of hyper-motile strains in node 1 (ns7, ns8 and ns9) of the
DNA parsimony tree (Fig 2.1B). However, this strain exhibited a noticeably altered colony
morphology, having very broad and linear arms that did not display the fractal quality seen
in the other strains. Moreover, while the leading tips of swarming tendrils often show a
greater concentration of cells under magnification (J. Cho, unpublished observations), this
phenomenon was especially striking in strain sv3, which had arms that were so wide that
this e↵ect can easily be seen without magnification (Fig 2.4). This colony variant, which
was readily identifiable on 1% Congo Red-KB plates, with a flatter colony morphology, was
recovered twice from parental strain ns3. While sv3 exhibited similar virulence as its parental
strain ns3, it was far more motile than expected based on the relationship seen with all other
strains, swimming 28% more than would be expected based on calculations from the best fit
regression line (Fig 2.6). In fact, colonies of this strain noticeably spread on 1.5% hard agar
plates even though it exhibited a reduced level of biosurfactant production (Fig 2.8) (J. Cho,
unpublished observations). It seems most likely that strain sv3 exhibited higher motility than
expected rather than lower virulence than expected and that its enhanced motility was due
to unidentified changes in gene expression that led to a modified type or abundance of other
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extracellular products that also aided motility. These accessory factors apparently selectively
increased motility in culture but not in planta. The fact that sv3 exhibits a flatter colony
morphology may be due to reduced extracellular matrix production, but this has not yet
been assessed. Cells would also be presumably more motile with less extracellular matrix
production. In Myxococcus xanthus, S-motilty is powered by the extension and retraction of
type IV pili bound to exopolysaccharides within the extracellular matrix [13, 105]. Without
exopolysaccharides, this motility does not occur [13]. Pili have been found to be important in
epiphytic colonization of hosts [172], and type IV pili are required for invasion into epithelial
cells by Salmonella enterica [19]. Given that sv3 was more motile in culture, but did not
exhibit a concurrent increase in disease phenotype in planta, it is possible that reduced
extracellular matrix production on surfaces also reduced the ability of sv3 to invade due to
reduced twitching motility while on the bean surface and inside the apoplast.

Illumina and Sanger: limitations and discoveries
It was unfortunate that re-sequencing was unable to reveal genetic di↵erences between

sv3 and the reference strain. While Illumina sequencing is an accessible and inexpensive
way to parse genomes compared with the Sanger sequencing method [206], there are some
major limitations to current Illumina sequencing technology. One of the most commonly
encountered problems with next-generation sequencing such as the Illumina process is the
ambiguity caused by reads that map to multiple locations in an assembled genome (multi-
reads). This can influence analyses such as SNP calling [177]. The presence of repetitive
elements can lead to problems in assembly, especially with short read lengths. B728a has
hundreds of REP regions scattered throughout the genome [50], as well as insertion elements
[50] and SSRs, which makes genome assembly di�cult. Current assembly technologies were
unable to resolve all areas with SSRs in P. syringae B728a, as Sanger sequencing of amplified
regions was able to identify two intergenic regions with heptameric SSR indels (Table 2.2)
that our Illumina re-sequencing was unable to properly assemble. It is possible that further
data mining using better algorithms to reconstruct repetitive areas may overcome these
limitations [177, 159].

Repetitive elements, phase variation and non-genetic diversity in P. syringae

B728a
Short simple repeats may also be involved in modulating motility through alteration of

gene expression. SSRs are present in all known genomes [25, 161, 184], and undergo high
rates of insertion and deletion of their repetitive units, presumably as a consequence of
slip-strand mis-pairing during replication [176, 169]. Longer heptameric repeats are much
more common than other types of repeats in prokaryotes [130] with the notable exception of
Escherichia coli [62, 184]. Additionally, rates of indels occur at a higher frequency (10-6 to 10-2

per generation [98]) than that of normal base substitution rates (10-3 to 10-7 per generation
[46]). While SSRs that are located distally to coding regions may evolve neutrally, when such
mutations occur upstream or within coding regions, they could strongly influence translation
or transcription [98]. SSR-mediated phase variation has been observed in Campylobacter,
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where frame shifts in a homopolymeric region of the N-terminal coding region of flhA lead
to reversible flagellin gene expression, resulting in the generation of a mixture of motile and
non-motile phase variants [144]. Such alteration of the non-coding regions upstream of nadA
in Neisseria meningitides led to phase variable binding of transcriptional regulators to the
nadA promoter [124]. Several other cases of genetic phase variation of gene expression due
to alteration of neighboring repetitive elements have been observed [87, 9], and it has been
suggested that phase variation may be a method that allows microorganisms to adjust to
rapid changes in environment [9].

While most examples of phase variation have been explained by genetic factors, epigenetic
regulation of genes can account for phase variation in bacteria in some cases [201]. A few
examples of epigenetic regulation include Pap pili that are mediated by DNA methylation
in E. coli, lac expression in E. coli, and sporulation in Bacillus subtilis [200, 186]. As we
could find no obvious genomic di↵erences in sv3, but were able to recover the same variant
twice from the same parental cell line, we postulate that it might be caused by epigenetic
regulation. This mechanism could also explain the di↵erences in swarming phenotype seen
between hypo-motile branch 2 and hyper-motile branch 1 variants, as the only genetic di↵er-
ences between these types were in the SSR motif upstream of erpA, and no transcriptional
di↵erences of erpA were seen in the strains, even though they clearly di↵ered in motility.
However, it should be noted that only four strains were used to compared di↵erences in
erpA expression. A larger transcriptional comparison between more variant strains di↵ering
in motility would provide a stronger test of the hypothesis that erpA expression di↵erences
accounted for variations in motility in P. syringae.
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Figure 2.1: Dendrogram of Pseudomonas syringae strains based on (A) known historical
relationships of the di↵erent strains, with dashed lines indicating a more recently derived
strain compared to those with dotted lines. Curved, dashed lines indicate the origin of
selected variants derived from strains ns3 and ns8. The dendrogram has three branches:
Branch 3 (ns2 and ns4), branch 2 (ns1, ns3, ns5, and ns6), and branch 1 (ns7, ns8, ns9). The
finely dashed line indicates a period of time when the isolated strain was passaged from plate
to plate and stored at 4°C prior to the advent of cryopreservation freezer storage systems.
(B) A Phylip generated DNA parsimony tree based on identified SNPs and indels. Three
groups were defined based on nearest node association: Node 3 (ns2, ns4), Node 2 (sv3, ns3,
ns5, ns6) and Node 1(ns7, sv8, ns8, ns9). The Sanger sequenced reference strain NC007005.1
is included for comparison [50], and is identical to the sequence of ns8.
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Figure 2.2: Growth of non-selected and selected variants of Pseudomonas syringae assessed
in KB culture by measurement of (A) absorbance at 600 nm and (B) population size in
primary leaves of Phaseolus vulgaris as determined by dilution plating of leaf macerates. The
vertical bars represent the standard error of the determination of the mean log-transformed
population size.
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Figure 2.3: Variation in strain colony morphology on 1.5% agar plates (A) and 0.4% agar
swarming plates (B). (A) Pseudomonas syringae B728 variant strains used in this study,
streaked on hard KB plates. Scale bar = 10 mm. (B) Representative swarming plates of
each P. syringae variant strain used in this study. Scale bar = 2 cm.
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ns1 ns8 sv8 sv3

Figure 2.4: Variation seen in replicates of swarming colonies of a selection of the Pseu-
domonas syringae variants exhibiting low and high motility, on KB plates supplemented
with 0.4% agar. Scale bar = 2 cm.
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Figure 2.5: Variation in the area of swarming colonies of Pseudomonas syringae B728a
variants in three separate experiments. Non-selected strains are denoted by their number,
whereas selected strains are listed by their full name, sv3 and sv8. Swarming area is nor-
malized relative to the swarming area exhibited by strain ns9 to better enable comparison of
replicate experiments. Results are displayed with box and whisker plots, with 4-5 replicates
per strain.
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Figure 2.6: Relationship of swarming ability quantified as the area of swarming colonies
on semi-soft KB plates (0.4% agar) (abscissa) and the swimming capability of these strains
as determined by the diameter of swimming colonies on soft half-strength KB plates (0.25%
agar) (ordinate). The order of strains from L to R: sv8, ns1, ns2, ns3, ns4, ns5, ns6, sv3, ns7,
ns8, ns9. The vertical and horizontal bars represent the standard deviation from the mean
for their respective axes. The regression line shown (alternately dashed line) represents the
equation (y = 0.324 + 12.72; R2 = 0.620; p = 0.004). The 95% confidence interval boundaries
are outlined with dotted lines.
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Figure 2.7: Relationship between the area of swarming colonies of Pseudomonas syringae
variants on semi-soft agar (ordinate) and the number brown spot lesions formed on trifoliate
leaves of Phaseolus vulgaris (A) and the size of water-soaked lesions formed in pods of this
species after injection into the tissue at a single site (B). The order of the strains from L
to R is as follows sv8, ns1, ns2, ns3, ns4, ns6, ns5, sv3 ns7, ns8, and ns9. The regression
lines shown with evenly dashed lines includes all strains tested while the regression line
shown with alternately dashed lines includes only non-selected strains (selected variants are
denoted with an asterisk). The lines drawn represents the linear regression of swarming area
and lesion number (y = 0.248x + 8.247; R2 = 0.556; p = 0.008) and (y = 0.235x + 8.913;
R2 = 0.721; p = 0.004) for all strains or only for non-selected strains respectively (A) or for
swarming area and bean pod lesion size: (y = 0.170 + 6.763; R2 = 0.422; p = 0.031). and
(y = 0.150 + 7.395; R2 = 0.502; p = 0.033) respectively (B).
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Figure 2.8: Relationship of the size of water-soaked lesions in pods of Phaseolus vulgaris
infiltrated with cell suspensions of various strains of Pseudomonas syringae (abscissa) and
the incidence of brown spot lesions on trifoliate leaves of Phaseolus vulgaris (ordinate).
Each point represents the mean and the accompanying bars the standard error of the mean
of these two parameters. The line drawn represents the following linear regression equation
y = 1.030x + 1.894 (R2 = 0.652; p = 0.0027). The order of strains tested are from L to R:
sv8, sv3, ns4, ns6, ns3, ns5, ns1, ns2, ns9, ns8, and ns7.
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Figure 2.9: Abundance of biosurfactant produced by di↵erent Pseudomonas syringae vari-
ant strains when grown at either (A) a biosurfactant permissive temperature of 22°C or (B)
a biosurfactant suppressive temperature of 28°C on 1.5% KB plates. The vertical bars rep-
resent the 95% confidence interval of the mean of visible zones of biosurfactant production
as visualized by an atomized oil assay. The significant di↵erence between sv3 and other
strains was detected using one-way analysis of variance (ANOVA) with Tukey HSD equal
variances. These graphs are representative of three independent experiments for 28°C, and
a single experiment at 22°C.
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Figure 2.10: Size of water-soaked lesions formed by wild-type Pseudomonas syringae strain
B728a as well as �rhlA, �syfA, and �rhlA�syfA mutants deficient in the production of one
or more biosurfactants after inoculation into Phaseolus vulgaris. Each of the four strains was
inoculated into a given bean pod, 2 cm apart, in a random order. The significant di↵erence
between �syfA and the wild-type strain was detected using an unpaired t-test (p = 0.015).
The vertical bars represent the standard error of the mean lesion size.
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Figure 2.11: Area of swarming colonies of wild-type Pseudomonas syringae strain B728a
variant ns8 on semi solid agar plates as well as site-directed mutants of various genetic loci
determined to di↵er from the wild-type in variants altered in motility. Shown is the mean
and standard error of the determination of mean colony size. Individual observations are
shown by the solitary symbols.
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Figure 2.12: Visualization of Pseudomonas syringae strains di↵ering in septation. (A)
Filamentous cells of a GFP-marked strain of weakly motile selected variant sv8 (B) cells of
GFP-marked motile parent strain ns8 (C) DIC image of a colony of strain sv8. (D) DIC
image of a colony of parental strain ns8.
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1   GGGAGGCAGC TTTGAGCTTC AAGCGGCAAG CTTCAAGTTG CAAGGCAAAG  50

51  GCGGGCCGAC CACGCTCTTG TAGCTTGTAG CTTGTAGCTT GTAGCTTGTA 100

101 GCTTGTAGCT TGTAGCTTGC AGCTTGCAGC TTGCAGCTTG CAGCTTGCAG 150

150 CTTGCAGCTT GCAGCTTGTA GCCGCTCCCG ATCAAATAGT TGACCGATTT 200

201 TCTAGGAGAA GCGGATAATG CCGTCATTAC GCATTACGAC GGCTAACGCC 250

251 GGGAGATATC AGAC                                        
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Figure 2.13: Predicted promoters in the intergenic region between Psyr 4569 argC and
Psyr 4568 erpA. Sequence is shown in the minus strand orientation. Two di↵erent promoter
prediction programs were used: Virtual Footprint version 3.0 (VFP)[132] and BPROM (Soft-
berry). VFP also indicates strand specific promoter positions, denoted with the arrows. Pre-
diction for -10 and -35 promoter box positions are noted above (VFP) or below (BPROM)
the sequence of interest. Heptameric motifs ‘CTTGTAG’ are shown in green text, and the
heptameric motifs ‘CTTGCAG’ are shown in blue text.
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Figure 2.14: Area of swarming colonies of Pseudomonas syringae B728a variants ns5 and
ns8 as well as the strains in which erpA (Psyr 4568) was over-expressed by introduction of
a fusion of the trp promoter with erpA on plasmid pVSP61, when grown on semi-soft agar.
The vertical bars represent the standard deviation of the mean of swarm colony size. The
significant size di↵erence of the ns5 (pVSP61::Ptrp:erpA) strain compared to the parental
strain is denoted with asterisks (p = 0.0008; unpaired two-tailed t-test).
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Figure 2.15: Quantification of the transcripts of erpA, the intergenic region upstream,
and the upstream gene argC in Pseudomonas syringae B728a variants ns3, ns6, ns7, or ns8
by quantitative PCR using Psyr 3981 and rpoD as endogenous controls. The transcript
abundance of each of these genes relative to that in strain ns7 is shown. The vertical bars
represent the standard error of the mean of the relative concentration of a given transcript.
The data shown in panels (A) and (B) represent two independent experiments.
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Figure 2.16: Deduced amino acid sequence and hydrophobicity profile of Psyr 3587 IspA.
(A) The IspA protein sequence predicted from the nucleotide sequence data. The underlined
tryptophan (‘W’) at position 130 becomes a stop codon in sv8. (B) Hydrophobicity analysis
of the predicted protein encoded by ispA based on the algorithm of Kyte and Doolittle
[99], using a window of 7 amino acids in ExPASy ProtScale [5]. Hydrophobic residues are
represented as positive values, and hydrophilic residues are represented as negative values.
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2.5 TABLES

Table 2.1: ANOVA tables for comparisons of biosurfactant production by variants at 22°C
(A) and 28°C (B).

ANOVA Table
Treatment (between columns)
Residual (within columns)
Total

SS
27529
34701
62230

df
10
44
54

MS
2753
788.7

22°C

ANOVA Table
Treatment (between columns)
Residual (within columns)
Total

SS
13986
28410
42396

df
10
44
54

MS
1399
645.7

28°C

A

B
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Table 2.2: Identified intergenic indels and substitutions that altered the amino acid se-
quences encoded by candidate genes in Pseudomonas syringae
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Table 2.3: Assembly of the re-sequencing data using both Bowtie version 0.12.7 [102] and
CLC Genomics Workbench version 5.5 (CLC Bio) reveals 7 nucleotides where the Sanger
sequenced Pseudomonas syringae B728a reference strain shows disagreement with all re-
sequenced variant strains, clustering in two locations.
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Table 2.4: Summary of Short Simple Repeats (SSRs) found in Pseudomonas syringae
B728a having more than 3 tandem repeats. Intergenic regions are denoted by genomic
positions, followed by a number that indicates how many di↵erent motifs were located in
that intergenic region. Intragenic regions are denoted by locus number. Trimeric SSRs were
too numerous to list, so they were summarized. All trimeric SSRs found in intragenic regions
were composed of only four tandem repeats

Type Location Motif.Length Motif No..of.Repeats

Intergenic 608261.608368.1 7 aggcttg 6
1801490.1801573.1 7 agcttca 4
2288538.2288808.1 7 ggagctg 4
2288538.2288808.2 7 agctaca 9
2288538.2288808.3 7 gcttgca 8
2314925.2315046.1 7 agcttgt 9
2423156.2423280.1 7 acaagct 5
2423156.2423280.2 7 cttgaag 4
2694454.2695280.1 6 cgtaac 7
3632365.3633243.1 4 ggtc 10
4255688.4256072.1 7 agccgca 4
4255688.4256072.2 7 aagcttg 5
4910927.4911018.1 7 gctgcaa 6
5055506.5055640.1 7 aagctac 9
5062898.5063392.1 8 ctgtcagtt 4
5269323.5269494.1 7 agcttca 7
5302384.5302523.1 7 cttcaag 5
5378866.5378998.1 7 cacaaa 4
5433124.5433387.1 7 caagctg 7
5433124.5433387.2 7 caagcta 7
5469536.5469721.1 6 aagcag 4
5469536.5469721.2 7 agctgca 4

Type Loci Motif.Length Motif No..of.Repeats

Intragenic Psyr_0517.1 6 cctgcc 5
Psyr_0733.1 6 gttcgc 4
Psyr_1661.1 6 gagcct 4
Psyr_1661.1 6 gagcct 4
Psyr_2656.1 6 caagaa 5
Psyr_2835.1 7 caatcagc 4
Psyr_3080.1 9 gatgaggct 4
Psyr_4751.1 6 cagagc 5
Psyr_4871.1 6 cgtccg 4

multiple()57)locations* 3 multiple** 4
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Table 2.5: Bar coded adapters for Illumina re-sequencing

Strain PE1 PE2
ns7 ACTGTGA CACAGTT
ns6 AGCCATA ATGGCTT
ns5 ATCTCGA CGAGATT
ns3 CGAATGA CATTCGT
sv3 CTATGCA GCATAGT
ns3 GCTAGTA ACTAGCT
ns8 GTACTGA CAGTACT
sv8 GTTGCAA TGCAACT
ns9 TCGCAAA TTGCGAT
ns2 TGTAGCA GCTACAT
ns1 TTGCTCA GAGCAAT
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Table 2.6: Primers used for generation of knockout constructs

Primers:(Cloning Sequence

psyr_0853_1kb_up.F 5'- TCA AGG AGA TGC TCG AAC GCT G
psyr_0853:frt_1kb_up.R 5'- GAA GCA GCT CCA GCC TAC ACG TGT CCA TCT CCT GTC GTT
psyr_0853_1kb_dn.F 5'- TCG ACG GAT CCC CGG AAT GGG CTG ATT GAC GTA ACC 
psyr_0853:frt_1kb_dn.R 5'- TAC CCA CCG GCT TTG ATG C
FKF.F 5'- GTG TAG GCT GGA GCT GCT TC
FKF.R 5'- ATT CCG GGG ATC CGT CGA CC
ATG_RBS_FKF.R 5'- CAT ATG AAT ATC CTC CTT AGT TCC TAT TCC G
psyr_2341_1kb_up.F 5'- TTC CAG ACG CTC GTG CAG TTC 
psyr_2341:frt_1kb_up.R 5'- GAA GCA GCT CCA GCC TAC ACG GGT AAA TCA CCT CAA AGG 
psyr_2341_1kb_dn.F 5'- TCG ACG GAT CCC CGG AAT GAG GCA CTG GAT TCG ACC 
psyr_2341_1kb_dn.R 5'- CGA CAG GCT CGC AAC CAG 
psyr_3587_1kb_up.F 5'- TGC GGG TTT TCC GGA TGG AC
psyr_3587:frt_1kb_up.F 5'- GAA GCA GCT CCA GCC TAC ACA ATG GCA GCC AGA AGC AG
psyr_3587_rbs?atg:1kb_dn.F 5'- CTA AGG AGG ATA TTC ATA TGC ATG CTC TAC GCA ATC ATC 
psyr_3587_1kb_dn.R 5'- TTG CGC AGG TTG CTG ACG 
ecoR1:trpPro::erpA.ultra.F 5'- ACTG gaattc TAA AGT TAT GTC ATG TAC ATC ATA ACG GTT 
ecoR1:erpA.R 5'- TAAT gaattc AGG TCA GCA GTA CCG AGA AGT TCG

Primers:(qRT4PCR Sequence
qpcr_4568_F 5'- ATG AAG ATG TGG CAG ACG ATG ACA CC
qpcr_4568_R 5'- CAC AGG TCG TGG AGG CAT TCG
qpcr_4568_intergenic.F 5'- AGG CAG CTT TGA GCT TCA AGC G
qpcr_4568_intergenic.R 5'- TGA CGG CAT TAT CCG CTT CTC CTA G
qpcr_4569_F 5'- AGC CTC ATG GTG CTC CTC AGT TG
qpcr_4569_R 5'- AAG CAG CGG CAG GAA ACC C 
qpcr_rpoD.F 5'- ACG CGC CAT CAT GCA GCT GTG
qpcr_rpoD.R 5'- GCC AGT GCG TCA GTC CAG CTT TC
qpcr_3981.F 5'- CAG CGG ACG GGT GCA GGT AGA C
qpcr_3981.R 5'- CGT CGT TGT CAG GCT CGT CCA G
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Table 2.7: Primers used for confirmation of SNPs and Indels

Type Primer Sequence
Snp >972376*snp*F AAG GCC AGC TCG AAC AGG TC
Snp >972376*snp*R GCG ATC AGA AAG AGC GAC TGG AG
Snp >1761688*snp*F AGC GAC GTT CTC AAG CGT GTG 
Snp >1761688*snp*R GTC CGA CGT TGA TGA ACA GCG
Snp >2717458*snp*F AAT CGA ACA CAG TCC CGT CCT CAA G
Snp >2717458*snp*R AGG CTC CTG GAG GGT ATT CAT ACA G
Snp >4270096*snp*F GCT GTG GCA GTG CAG GTC TAC 
Snp >4270096*snp*R AAC CTG CTT GAA CGG CTT GAC C
Snp >5412614*snp*F TGA CAC CGC GGT GCT TCA G
Snp >5412614*snp*R AAA CCC ACC TGG GCC TCG
Snp >5423688*snp*F AGG TGT AAT TCG TGA CGC AAA CTT TCG 
Snp >5423688*snp*R TCG CTG TGA AGA TGC AGT GTA TCC
Indel smotif1*F ATC GTT GCC GTC AAC GAC GAT G
Indel smotif1*R TAT GCT GCC GCG CTG CAT TAT C
Indel mmotif4*F TCG ATC AGA TCG AGA ACG AGG AGC
Indel mmotif4*R ACA TCG GCC TGA CGT TCG TG
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Table 2.8: Primers designed to sequence intergenic regions containing heptameric repeat
motifs found by SSR tool Gramene [191]. Primer names starting with ‘smotif’ indicate in-
tergenic regions with only a single heptameric repeat motif. Primer names starting with
‘mmotif’ indicate the presence of 2 or more heptameric repeat motifs.

Target Primer Sequence
intergenic SSR smotif1(F ATC GTT GCC GTC AAC GAC GAT G
intergenic SSR smotif1(R TAT GCT GCC GCG CTG CAT TAT C
intergenic SSR smotif2(F ATC GGC TTG ACC AGG TGC AC
intergenic SSR smotif2(R TCT GCT GTT GCT CGA TGA GCC
intergenic SSR smotif3(F TGT TGC GTG CAC TGG TCG AAC 
intergenic SSR smotif3(R TTC GCC AGC CGC AAC TTT G
intergenic SSR smotif4(F ACA TCA GCG ACC GCA ACA TCC 
intergenic SSR smotif4(R ACA CAT ACA CTC AGG CGA CCA TCT G
intergenic SSR smotif5(F TAA GCC CTT GCG GCT CGG 
intergenic SSR smotif5(R AAG GCA CTT TGC GCG CAC 
intergenic SSR smotif6(F TAT GAA GTG CGG CGC ACG TAC 
intergenic SSR smotif6(R AGT GGC GTC GAT TAC CGT CTG
intergenic SSR smotif7(F TGT TCA TGG ACC TGC AGC AGG 
intergenic SSR smotif7(R TGC GTT TAC GCC GCA ACA G
intergenic SSR smotif8(F TGC TGG AAC TCC TAT TGG CAA ACG 
intergenic SSR smotif8(R ACG GCA CAT GGT TGT ACT GTC C
intergenic SSR smotif9(F ACC GAA CAG GAA ATG CAT GAC CTG 
intergenic SSR smotif9(R AGC AGG CTC GAT CTC GGT G
intergenic SSR smotif10(F TCG AAC AGA CTG CGG TGA AAC AC
intergenic SSR smotif10(R AGA TGA AGT GGA TGT GCG TGT CG
intergenic SSR smotif11(F TCT CGA AAG GGG AGC TTC GG
intergenic SSR smotif11(R ACT ATG ATG CAG TCT CTG AGC TAC CG
intergenic SSR mmotif1(F TGT ATC GAT ATC AGC GTC AAC ACC CG
intergenic SSR mmotif1(R TCA CCG AAT CGA AGG AAG AAA CCA CTC
intergenic SSR mmotif2(F TTC ACC GGT CGT TCC AAG CTG 
intergenic SSR mmotif2(R AGC ACT ACA AGA TCG AGA TCG AGA TCG
intergenic SSR mmotif3(F ATG GCG ATC CAG GCA GTT GTA G
intergenic SSR mmotif3(R TAA CTC GCT CAT TGA TAG TTC CGT CAC C
intergenic SSR mmotif4(F TCG ATC AGA TCG AGA ACG AGG AGC 
intergenic SSR mmotif4(R ACA TCG GCC TGA CGT TCG TG
intergenic SSR mmotif5(F TGA AAG GTG ATG TAG GTG GCA CC
intergenic SSR mmotif5(R TGC TGG CGA TGG GCT TCG
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2.6 MATERIALS AND METHODS

Bacterial strains, plasmids, culture media, and growth conditions
Pseudomonas syringae pv. syringae B728a [112] was routinely cultured in nutrient rich

King’s medium B (KB) broth or on KB plates supplemented with 1.5% (w/v) Difco technical
agar (BD Biosciences, catalog no. 281210) at 28°C [90]. Escherichia coli strains TOP10
(Invitrogen, catalog no. C4040-03), XL1-BLUE (QB3 Macrolab, Berkeley, CA,), and S17-1
[165] were cultured in Luria-Bertani (LB) medium broth, or on LB plates supplemented with
1.5% (w/v) Difco technical agar at 37°C [113]. Antibiotics were used at the following final
concentrations: rifampicin, 100 µg/mL; kanamyacin, 50 µg/mL; spectinomycin, 100 µg/mL
for P. syringae; spectinomycin, 20 µg/mL for E. coli; tetracycline, 15 µg/mL; nitrofurantoin
(NFT), 30 µg/mL. Natamycin (antifungal) was used at 21.6 µg/mL.

Swarming motility assay
The swarming motility of various P. syringae B728a variant strains was assessed on semi-

soft KB plates containing 0.4% technical agar as described previously [149]. Approximately
20 mL of KB media was poured into each 100 mm petri dish at room temperature on a bench
top. These plates were allowed to solidify for about 18 hours overnight at room temperature.
The next day, cells of P. syringae variant strains grown in streaks overnight at 28°C were
scraped from plates, vortexed, re-suspended in 10 mM potassium phosphate bu↵er. The
cells were gently washed two times at 7,000 rpm for 2 minutes in 1 mL of 10 mM potassium
phosphate bu↵er before a final re-suspension in bu↵er to yield a final concentration of 2.0 x
109 CFU/mL. 5 µl drops of each suspension were spotted on to the center of 4-6 swarming
plates (staggered to minimize location biases) and allowed to grow and move (swarm) for
19-22 hours on covered plates at room temperature. Photographs of individual plates placed
on a dark velvet surface were taken with a Nikon E4500 camera under macro settings and the
area of individual colonies of swarming cells was determined using Photoshop CS3 version
10.0.1, using a ruler placed next to each plate to calibrate the images. Strains that were not
subjected to prior selection for any trait (non-selected (ns)) were named ns1-ns9, based on
their relative rate of swarming.

Swimming motility assay
Strains were grown overnight on KB plates at 28°C. Plates solidified with 0.25% technical

agar and containing half-strength KB (supplemented with sterile water) agar were poured
into 100 mm petri dishes in a laminar flow hood. Lids were left o↵ to allow the agar surface
to dry for 10 minutes before being covered again prior to transport to a room temperature
bench top. Plates were stab inoculated with cells and recovered from the surface of KB plates
with a sterile 10 ul pipet tip and incubated at 28°C. The diameter of swimming colonies were
measured between 20-48 hours after inoculation.
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Selective variant screen
P. syringae B728a strains ns8 and ns3 were screened for variants that exhibited either

greatly increased swarming motility or greatly decreased swarming motility as compared with
their parental line. These variants were selected from colonies of the parental strains grown
on KB plates solidified with 1.5% technical agar and 1.0% Congo Red to detect alginate
production [55]. While no apparent di↵erence in alginate production was detected, sectors
with visually di↵erent morphology compared to the parental strain were isolated after five
days incubation. While two di↵erent sectoring colonies were selected for each parental strain,
only one was used for further experiments as the visual and swarming phenotype of each
pair was identical. The selected strains were named sv3 and sv8, after their parental strains
ns3 and ns8.

Growth curve: in vitro

P. syringae B728a strains were recovered from bacterial stocks stored at -80°C as single
colonies on KB agar plates. Strains were grown for 17 hours in 2 mL KB media while shaking
at 28°C. The cell cultures were then diluted into flasks containing 25 mL of KB media at a
concentration of 2.0 x 106 CFU/mL, as determined by optical density at 600 nm (OD600),
and the optical density estimated every 1-2 hours.

Growth curve: in planta

Inoculum of P. syringae B728a strains were grown on KB agar plates overnight at 28°C.
Cells scraped from plates were suspended in 1 mM potassium phosphate bu↵er, and washed
2 times through centrifugation at 7000 rpm for 2 min at 22°C before a final re-suspension
in 1 mM potassium phosphate bu↵er. Cell suspensions were diluted to 2.0 x 106 in 1 liter
of sterile distilled water supplemented with 0.01% Silwet® L-77 (Momentive Performance
Materials Inc.) to aid in infiltration of leaves through stomata. 2 week old greenhouse-
grown Phaseolus vulgaris cv. Bush Blue Lake 274 plants were vacuum infiltrated in 1 liter
cell suspensions for 4 minutes before transfer on to a bench top at room temperature (2
replicate pots per strain). At both 6 hours and 24 hours after infiltration, 2 primary leaves
per pot were harvested for sampling. 15 mm disks were cut with a cork borer from the heart
shaped lobe region of the primary leaves, between the margin and midrib of each leaf, and
ground using a mortar and pestle in 1 ml sterile distilled water. Appropriate serial dilutions
were plated on to KB amended with rifampicin (100 ug/mL) and natamycin (21.6 ug/mL).
Colonies were enumerated after 2-3 days of growth in a 28°C.

Leaf lesion assays
Bean leaf inoculation assays were performed similarly to that in previous studies, but

with some modifications [149]. Cells of P. syringae B728a strains were grown on KB plates
overnight at 28°C. Cells were then scraped from plates, re-suspended in 1 mM potassium
phosphate bu↵er, and re-plated on to three separate KB agar plates and incubated overnight
at 28°C. Cells were then scraped from each plate, combined into one sample which was
gently re-suspended in 1 mM potassium phosphate bu↵er to yield a final concentration of
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2.0 x 108 CFU/mL. Four week old plants of Phaseolus vulgaris (established from seed, with
fully expanded primary and trifoliate leaves) in a field research site near the University of
California, Berkeley campus were spray inoculated with the cell suspensions at dusk. 14
days after inoculation, 30 randomly selected trifoliate leaves were collected for each of three
triplicate blocks for each treatment, and the number of visible brown spot lesions counted.

Bean pod lesion assays
Bean pod inoculation assays were performed similarly to that in previous studies, but

with some modifications [149]. 12 to 14 cm long bean pods were harvested from 6-7 week
old greenhouse-grown bean plants (Phaseolus vulgaris cv. Bush Blue Lake 274) immediately
before inoculation. Inoculum of cells of various strains of P. syringae B728a were collected
from cultures on KB plates grown overnight at 28°C. Cells were scraped from the plates
and gently washed 2 times and re-suspended in 1 mM potassium phosphate bu↵er at a
cell density of 107 CFU/mL. Bean pods were syringe inoculated with P. syringae strains
using 25 gauge sterile syringe needles (BD Biosciences, catalog no. 305122), introducing
only one to two µL of inoculum, and the pods were subsequently incubated in chambers
maintaining nearly 100% relative humidity at 28°C for 3-4 days. Humid conditions were
created by placing the inoculated pods on top of porous racks in a sealed Pyrex dish lined
with wetted paper towels. Bean pod lesions were imaged with a stereo dissecting microscope
(exposure: 200 ms; gain: 200; bin: 1) and lesion size was determined from the area of dark,
water-soaked region surrounding the point of inoculation by analysis of digital images using
Adobe Photoshop CS3. Digital rulers were calibrated by comparison to images of a metric
ruler placed next to the pods before imaging. Pod imaging was performed on a Zeiss Lumar
.v12 Stereo Dissecting Microscope, with a 0.8x Neo Lumar objective, and a QImaging Micro
Publisher camera.

Atomized oil overspray for detection of biosurfactants
Biosurfactants were detected using an atomized oil assay [20]. Bacterial strains were

grown overnight at 28°C on KB media. Using sterile, round end toothpicks, cells were
spotted onto freshly poured KB plates. Spots were separated by at least 2 cm. Colonies
were allowed to develop for 12 to 16 hours at either 22°C or 28°C before the plates were
sprayed with a fine mist of mineral oil using an artist air brush. The diameter of the visible
halo of di↵erentially refractive oil drops was measured.

Visualizing variant strains di↵ering in septation ability
Competent ns8 and sv8 were electroporated with a variant of stable constitutive GFP

reporter plasmid pKLN42 encoding tetracycline resistance under the following parameters:
Voltage: 2V; Resistance: 200 Ohms ; Capacitance: 25 µFd. Cells were visualized on a Zeiss
Axioimager Epifluorescence microscope with DIC (magnification: 100x) and GFP (magnifi-
cation: 1000x; filter set: 38 Endow GFP) settings. Images were captured using a QImaging
Micro Publisher camera.
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Illumina re-sequencing
Genomic DNA was isolated from single colonies of di↵erent P. syringae B728a variants

recovered that were grown in overnight culture grown in KB broth at 28°C until mid-log
phase. Genomic DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen, catalog
no. 69504) and genomic libraries were generated by University of California, Davis DNA
Technologies Core Facility. Indexed libraries were prepared with the standard PrepXTM

DNA Library Kit and the automated library preparation system Apollo 324 (IntegenX), and
ligated to custom bar codes (Table 2.5). Bar coded adapters were combined in single tubes
to a final concentration of 10 uM each. Samples were heated to 95°C for 3 minutes, and then
slowly cooled to room temperature. Indexed samples were enriched with 12 PCR cycles.
Sequences were run on an Illumina HiSeq2000 sequencing using Version 3 chemistry, and
processed with CASAVA 1.7.

Genomic analysis and SNP detection
Multiplexed libraries were sorted and aligned using programming language Python v2.6

and aligner Bowtie version 0.12.7[102]. Sequences were mapped to reference using CLC Bio
Genomics Workbench version 5.5.1 (CLC bio, Aarhus, Denmark). SNP and indel search was
performed with CLC (probabilistic variant detection; ignore non specific matches; minimum
coverage: 5; variant probability: 90%) and verified with Bowtie [102]. Unmapped sequences
(those with n = 0 specification) were aligned via BWA[54]. A DNA parsimony best tree was
generated using the DNA parsimony algorithm via Phylip version 3.69 [51]. 10,000 trees were
search, with ns1 as the set as the out group root and otherwise default settings.

The Sanger sequenced parental line, accession number: NC 007005 was used as a reference
strain [50], and was also included in illumina re-sequencing as strain WT8. SNPs and indels
were confirmed via Sanger Sequencing (Applied Biosystems 3730xl) amplifying from 400
bp away (Table 2.7) from the alleged SNP on either end and aligned using ApE v 2.0.37
and manual indel alignment via Mesquite v2.75. Amino acid changes were compared via
ApE using the protein translation tool. Predicted SNP and indels were verified via Sanger
sequencing using the primers shown in Table 2.7.

Construction of deletion mutants based on SNP calls from P. syringae B728a
re-sequencing and over-expression constructs

Site directed marker-less deletion mutants of P. syringae B728a loci Psyr 0853, Psyr 2341,
and Psyr 3587 were constructed using a modified overlap extension PCR method [31]. Ap-
proximately one kilobase of sequence directly upstream and downstream of the loci of in-
terest was amplified using Phusion® (New England Biolabs, catalog no. M0530S) with the
appropriate primers (shown in Table 2.6). A kanamycin resistance cassette flanked by FLP
recombinase target sites was amplified from either pKD13 (Psyr 0853 and Psyr 2341) or a
similar kanamycin cassette with an additional ribosomal binding site amplified from pKD4
(Psyr 3587) [37]. Overlap extension PCR [31] was performed on the upstream, downstream,
and FRT-flanked nptII sequence in order to produce a single linear blunt end PCR prod-
uct. The resulting blunt end fragment was cloned into the suicide vector pTOK2T [91]
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digested with restriction enzyme Pvu II, which was then transformed into the E. coli donor
strain S17-1. These strains were subsequently mated with the P. syringae B728a strain ns8
overnight on LB plates. Cells recovered from mating plates were transferred to KB amended
with kanamycin and nitrofurantoin to counter select for Escherichia coli. Single colonies
were streaked onto KB amended with either rifampicin and kanamycin or rifampicin and
tetracycline. Colonies displaying both kanamycin resistance and tetracycline sensitivity, in-
dicative of double recombination events between the genome and the suicide vector were
then selected. A spectinomycin resistant version of pFLP2 [74] was electroporated (Voltage:
2V; Resistance: 200 Ohms; Capacitance: 25 µFd) into the kanamycin-resistant mutants,
recovered, and the resultant colonies were screened for kanamycin sensitivity and successful
marker excision. A single colony was cured of the spectinomycin pFLP2 plasmid. erpA was
over-expressed by constructing a plasmid in which an ultramer PCR product linking a tcp
promoter and erpA was introduced into pVSP61 [80] using the EcoR1 restriction sites added
to the ends of the blunt end PCR Phusion product.

SSR detection and analysis
Intergenic and intragenic sequences for P. syringae B728a were downloaded from IMG

Markowitz:2008kz and processed through Gramene’s Short Simple Sequence Repeat Identifi-
cation tool [174], set with the following parameters: max motif length: intragenic; minimum
repeat length: 4. Primers were designed to bind around 400 base pairs upstream of each
intergenic repeat region, and the regions were sequenced in all P. syringae B728a variants
(Table 2.7).

Hydrophobicity profile prediction
The hydrophobicity profile for �Psyr 3587 was predicted using via Swiss Institute of

Bioinformatic ExPASy (hydrophobicity algorithm: Kyte and Doolittle; amino acid window:
7; relative weight of window edges compared with center: 100%; weight variation model:
linear) [99, 5].

RNA isolation and qRT-PCR
RNA was isolated from colonies of various P. syringae B728a variants recovered from

semisolid (0.4%) KB swarming plates. Strains ns3 and ns6 exhibiting relatively low swarm-
ing ability, as well as strains ns7 and ns8 which were highly active in swarming, were used in
this experiment. Colonies were allowed to grow for 20 to 24 hours before harvesting. Two
swarming tendrils were harvested from a given plate and immediately suspended in 1 mL
RNAprotect Cell Reagent (Qiagen, catalog no. 76526) (estimated cell density: 1.5 x 108

CFU/mL). Cells were then pelleted and stored at -80°C prior to RNA isolation. Total RNA
was isolated using the RNeasy Mini Kit (Qiagen, catalog no. 74104) similar to the manufac-
turer’s protocol, with some modifications: In order to remove contaminating genomic DNA
in the RNA extraction, DNase clean-up was necessary. According to the manufacturer’s
protocol, DNase treatment should be performed on column, however, to minimize contam-
ination, this treatment was performed separately from column elution. Incubation of the
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eluate with 2 units of DNAse I (New England Biolabs, catalog no. 6-2121) for 20 minutes at
37°C was followed by an additional RNase column clean-up step using the RNeasy Mini Kit.
RNA purity and concentration was assessed using an ND-1000 spectrophotometer (Thermo
Scientific). cDNA was generated from 1 µg of DNase-treated RNA using SuperScript® II
reverse transcriptase (Invitrogen, Life Technologies, catalog no. 18064-071) with 250 ng
random hexamers (Invitrogen, Life Technologies, catalog no. N8080127). qRT-PCR was
performed using a 7300 Real Time PCR System (Applied Biosystems, catalog no. 4351103)
with Quantitect SYBR Green I (Qiagen, catalog no. 204143) on 5 ul of 1:50 diluted cDNA
synthesis product. As a negative control, samples without reverse transcriptase treatment
were always included, and showed no significant increase in fluorescence following 35 cycles
of amplification. The LinReg automated qRT-PCR data processing package was used to
determine the amplification e�ciency [158]. Relative expression was calculated according to
the ��Ct method with a base of 2 [110]. In addition to rpoD as a standard endogenous
control, Psyr 3981 (encoding pseudoridine synthase) was also included, as it was found to
be stably expressed under varying conditions in numerous mutant backgrounds (K. Hockett
and R. Scott, unpublished data). Results normalized to the abundance of rpoD message are
shown.

Statistical analyses
Descriptive statistical analyses, Spearman’s rank-order correlations, unpaired two-tailed

t-tests, and ANOVA comparison tests were performed with either Excel 2008 version 12.3.3
(Microsoft Corporation) or Prism version 5.0c statistical analysis software (GraphPad Soft-
ware Incorporated).
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Chapter 3

Contributions of adhesive factors to
virulence of Pseudomonas syringae

3.1 INTRODUCTION

Adhesion is an essential virulence factor for most bacterial pathogens, and has been found in
taxa from many di↵erent types of habitats [93, 147, 81]. This trait better enables a pathogen
to interact with its host, facilitating both surface colonization and delivery of virulence factors
[22]. Adhesive fimbriae (pili), some of which are retractile, are commonly utilized by Gram-
negative bacteria to adhere to surfaces [147, 203]. Several di↵erent classes of fimbriae have
been described, each having distinct traits that contribute to particular forms of adhesiveness
[56].

There are three main pathways for biogenesis of non-secretory, adhesive fimbriae, and
involved in the assembly of either chaperone-usher fimbriae, type IV fimbriae, and curli
fimbriae [190]. While chaperone-usher and type IV fimbriae appear to be widespread [147],
fimbriae pili have only been found thus far in enteric bacteria such as Escherichia coli and
Salmonella species [8].

Fimbriae generated by the chaperone-usher (CU) assembly pathway are the most exten-
sively studied of the pilus biogenesis pathways, and such pili are also the most abundant
group of bacterial cell surface appendages [56]. CU fimbriae are often responsible for specific
attachment to hosts as well as to abiotic surfaces, and are contributors to host invasion, es-
tablishment of biofilms [202, 35, 150], and evasion of host defense mechanisms [131, 207]. Pili
formed by the CU assembly pathway include both non-fimbrial and fimbrial-based adhesive
factors [190]. While there appear to be three main groups within the CU assembly pathway,
identified as either ‘classic’ (�, �, ⇡ and ), ‘alternative’ (↵), or ‘archaic’ (�), only selected
members of the classic and alternative CU (↵, �, and ⇡) clades confer production of typical
rigid fimbrial structures [24, 135, 190], while the  and bioinformatically inferred � clades
have been shown to confer production of non-fimbrial products, or predicted to produce
thin, flexible fibrillae 2-4 nm in diameter [84, 83, 135]. In contrast, the � clade appears to
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encode production of non-fimbrial adhesins, such as the CU assembled extracellular adhesin
in Myxococcus [103, 135]. An example of the role of CU fimbriae includes those in Pseu-
domonas aeruginosa, where CU fimbriae, encoded by the cupA operon, are associated with
biofilm formation and dispersal [182]. However, while several such cup operons have been
identified bioinformatically in P. aeruginosa, it is unknown what role they play in adhesion
and virulence in its hosts. Homologs of these uncharacterized cup loci occur in Pseudomonas
syringae.

Like CU fimbriae, type IV pili are also fimbrial adhesive factors, and have also been
implicated in attachment, cell aggregation, immune evasion, biofilm formation and virulence
[34]. However, type IV pili are unique in that some are able to mediate non-flagellar surface
motility, because the extended, reversibly attachable fimbria can be retracted, thus pulling
the bacterial cell along a surface [23, 34]. There are three classes of type IV fimbria, each
with a distinct biogenesis pathway, assembling type IVa, type IVb, and Flp fimbriae [23].
While type IVa pili have been extensively studied in numerous systems, largely due to their
role in twitching motility [167, 117, 6], the typical type IVb pilus assembly system, which
has a more limited phylogenetic distribution, have mainly been studied in enteric bacteria
[134]. Flp fimbriae are a discrete monophyletic subfamily of the more heterogenous type
IVb class, and are commonly known as either Tad pili (tight adherence) or Flp pili (named
after its unique major pilin subunit, fimbrial low-molecular-weight protein). Flp fimbriae
are of particular interest because they are required for the formation of extremely tenacious
biofilms in Aggregibacter, for cell aggregation and adherence in P. aeruginosa, and as a
virulence factor in Pasturella and Haemophilus [82, 52, 39, 175]. While Flp and type IVb pili
are found in a variety of organisms, studies of their function have mainly been limited to that
of human pathogens. A single study, however, has revealed that Flp pili contribute to the
virulence of the potato pathogen Ralstonia solanacearum, although whether this virulence
was due to its contribution to adherence or to some other function was not shown [189]. Only
very limited studies have addressed the role of adhesion in plant pathogenesis, and further
investigation is warranted, as the processes of initial adherence to the host and internal spread
of such pathogens after infection are likely important during the course of an infection. It
is noteworthy that the plant pathogen P. syringae, like the human pathogen P. aeruginosa
[23], is the only species that possesses all known forms of type IV pili including type IVa,
type IVb, and Flp pili, as well CU pili, thus making it an ideal model organism by which
the relative contribution of these various factors to plant pathogenesis can be investigated.

In this study we address the functional role of the type IVa, Flp (type IVb subfamily), and
CU pili identified in Pseudomonas syringae pv. syringae strain B728a through a combination
of bioinformatic and mutational analysis to the processes of motility and adhesion. Culture-
based swimming, swarming, and twitching assays were used to assess the roles of given pili
in motility. As the process of lesion formation by Pseudomonas syringae on the leaves of
the host Phaseolus vulgaris involves steps that could be influenced by both the motility or
adhesive characteristics of the cells, the behavior of such mutants in various in planta assays
were assessed to elucidate the relative importance of these various extracellular appendages.
While a modest e↵ect of some fimbrial systems on motility and adherence was observed in
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in vitro assays, a more pronounced e↵ect of some pilus types was observed in attachment
and disease assays on bean, indicating that adhesion is an important step in the infection
process.
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3.2 RESULTS

Putative fimbrial biogenesis ORFs encoding chaperone-usher and type IV
fimbrial components in Pseudomonas syringae B728a

To investigate whether P. syringae strain B728a produces functional fimbriae, a bioin-
formatic approach was used to identify potential fimbrial gene candidates for the major
classes of adhesive pili (Table 3.1). Genes encoding common major fimbrial structural sub-
units in each of the CU, type IV, and curli pili families with fimbrial-like representatives in
other Gram-negative bacteria [190, 135] were compared with ORFs in the P. syringae B728a
genome using an iterative BLASTp approach [4] with an E -value cuto↵ of 0.001, and the
most similar P. syringae genes are noted in Table 3.1. While genes homologous to those
contributing to both the CU assembly pathway and the type IV assembly pathway were
found in P. syringae, none with homology to determinants of curli pili were found.

Putative chaperone-usher pilins: Psyr 1131 and Psyr 2039
Psyr 2039 showed substantial similarity with structural pilins within the CU fimbrial

group in several closely related � sub-clades (Table 3.1), including �1 (Type 1), �2 (Fas),
and �4 (CupB and CupC) sub-clades. No significant similarity was observed between genes
in P. syringae and those determining production of the extensively studied P fimbriae (⇡
clade), cfa/I (↵ clade), or the bioinformatically inferred � clade within the CU pili family.
While Psyr 2039 exhibited highest homology to the determinant of the major structural pilin
in Type I fimbriae FimA (Table 3.1), closer examination of the predicted open reading frame
(ORF), based on BLASTp comparisons within the Pseudomonas Genome Database [198],
places the rest of the ORF within the CupC fimbrial group, most studied in P. aeruginosa
(Fig 3.1) [182]. When Psyr 2039 was specifically compared via BLASTp to the genome of P.
aeruginosa PAO1, the strain in which the first Cup ORFs were identified [182], it was found
to to be most similar to cupB, which encodes a putative fimbrial subunit. However, because
Psyr 2039 showed a greater homology to the type I fimbria structural subunit, commonly
named fimA, we refer to Psyr 2039 as fimA for this study while recognizing that this ORF
appears most similar to homologs in the �4 sub-clade (Fig 3.1).

A locus encoding a second CU fimbrial assembly group was identified in P. syringae
B728a. Psyr 1131 apparently encodes the major structural subunit of the putative assembled
fimbria, with 28% identity to the P. aeruginosa PAO1 predicted fimbrial structural subunit,
cupC1, and is located in the operon extending from Psyr 1131 to Psyr 1136 (Fig 3.1). This
putative operon appears to share high homology with that including CupC within the �4
sub-clade of the CU pili family, having a similar organization of corresponding ORFs (Fig
3.1). However, in P. syringae, other genes are associated with this ORF that are not found
in other taxa such as P. aeruginosa, including a chaperone protein, fimbrial protein, and a
putative protein of unknown function.
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Putative type IVa pilin: Psyr 0799
Genes encoding a type IVa pilin in P. syringae B728a could be more confidently assigned,

as there was a single locus (Psyr 0799) that aligned most closely to pilA in P. syringae pv.
tomato DC3000 [173], as well as pilA in P. aeruginosa PAO1, a gene that has received
considerable attention, encoding the type IVa major fimbrial subunit responsible for the
substantial twitching motility of PAO1 [23].

Putative type IVb and type IVb-Flp pili
ORFs conferring production of a type IVb as well as a Flp pilus were identified in P.

syringae (Fig 3.2). A single locus (Psyr 1512) putatively encodes a type IVb pilin, with
51% identity with that encoding the P. aeruginosa PA14 type IVb major structural pilin
PilS2 (Table 3.1). Comparison of the ORF structure by Pseudomonas Genome Database
orthologue search [198] indicates that the P. syringae type IVb ORF, Psyr 1518 to Psyr 1509
(- strand), is orthologous to the type IVb ORF of P. aeruginosa PA14 (Fig 3.2).

A locus encoding a Flp fimbrial assembly group was also identified in P. syringae B728a,
extending from Psyr 4388 to Psyr 4397 (Fig 3.2). BLASTp comparisons of Flp major
structural pilins of Aggregibacter, P. aeruginosa, and Ralstonia solanacearum revealed that
Psyr 4389 encodes a short, putative Flp pilin, with 37% identity to Flp in the plant pathogen
R. solanacearum, 33% identity to Aggregibacter Flp, and 34% identity to P. aeruginosa Flp
(Table 3.1). Other Flp-pili biogenesis genes in P. syringae also have high similarity with
those in P. aeruginosa and Aggregibacter, with a homologous tadG locus found grouping with
the Flp prepilin peptidase elsewhere in the genome (Psyr 4372 and Psyr 4375, respectively).

Signal peptide target sequence in putative fimbrial pilins
All putative fimbrial candidates had N-terminal signal peptides that were predicted using

SignalP version 4.1 [145], suggesting that they were all secreted outside the cell. A single
representative gene was chosen from those presumed to encode fimbrial structural proteins
for CU pili, type IVa pili, and Flp pili for further investigation. Specifically, Psyr 2039 (fimA)
encoding a predicted CU major fimbrial subunit, Psyr 0799 (pilA) encoding a predicted type
IVa major fimbrial subunit, and Psyr 4389 encoding a predicted type IVb major fimbrial
subunit of Flp pili were investigated. Since transcriptional profiling of P. syringae B728a
in various habitats revealed a 16-fold higher expression of Psyr 4389 in a hypo-swarming P.
syringae variant strain compared with that in a hyper-swarming variant strain (R. Scott,
unpublished data), we chose to further investigate the role of this Flp pilus in motility and
adhesiveness to test whether elevated stickiness of such a variant could account for its lower
swarming ability.

Twitching motility is not a major contributor to motility of P. syringae B728a
Twitching motility is a flagella-independent form of movement exhibited by some taxa

such as P. aeruginosa, across solid or semi-solid surfaces. This process involves the exten-
sion, tethering, and subsequent retraction of type IV pili [117, 167]. While twitching motility
mediated by type IVa pili has been seen in several taxa [17, 109, 163], type IVb pili have not
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been shown to contribute to twitching motility [117, 23]. CU pili are non-retractile, and are
not thought to be involved in twitching motility. In fact, such CU pili as Type I fimbriae
have been shown to inhibit twitching motility in Xyllela fastidiosa, presumably because they
contribute to adherence to surfaces [106]. We thus posited that twitching motility may be ob-
servable in P. syringae pilA mutants, but not in flp or fimA mutants. To test this hypothesis,
KB plates supplemented with 1.0% agar were stab inoculated with various pili mutants and
the wild-type strain of P. syringae, as well as with P. aeruginosa strains known to exhibit
twitching motility, and their movement along the plastic plate-agar interface was monitored
by crystal violet staining [42]. All P. syringae pili mutants and the wild-type strain exhib-
ited very little movement away from the point of inoculation, and no significant di↵erences
in the size of colonization zones on the plastic surface were found (Fig 3.3). Type IVa
pili-expressing species such as R. solanacearum, that do not exhibit macroscopic twitching
motility under in vitro assay conditions such as used here, exhibit microscopic short-distance
twitching motility when examined using light microscopy [23, 109, 16]. Therefore while our
results do not substantiate a role for type IVa pili in the movement of P. syringae B728a
on hard surfaces, we cannot rule out twitching as a limited form of movement utilized by P.
syringae. While bacteria such as P. aeruginosa are capable of moving many millimeters per
day across hard surfaces by twitching motility, P. syringae exhibits, at most, a very small
proportional ability to move on such surfaces.

T4Pb pili suppress both swimming and swarming motility
In addition to twitching motility, type IVa pili are involved in both swarming and surpris-

ingly, swimming motility on soft agar plates (0.25% and 0.40%, respectively) in P. aeruginosa
and P. syringae pv. tabaci [173, 97]. However, the role of CU pili and Type IVb pili are as
yet unknown. As shown in Chapter 2, swarming and swimming in P. syringae B728a are
linked behaviors, and both are heavily reliant on flagella function [85]. We therefore would
not expect a large role of type IVa pili in either swimming or swarming in this taxa. Because
swarming and swimming are convenient indicators of motility of a given bacterial strain,
and because these traits are predictive of both the likelihood of lesion formation and the size
of lesions formed after infection of plants (Chapter 2), we assessed swimming and swarm-
ing ability of all fimbrial mutants in order to determine the extent to which they enhanced
or suppressed the motility of P. syringae. A �pilA mutant did not exhibit a di↵erence in
the size of swimming colonies compared to the wild-type strain, while a �flp mutant dis-
persed to form significantly larger colonies (Fig 3.4). The �fimA mutant also produced
numerically larger swimming colonies, however they were not significantly larger than that
of the wild-type strain. Given the apparent increased swimming capabilities of the �flp and
�fimA mutants, we expected that they might also form larger colonies during the process
of swarming. Surprisingly, no di↵erence in swarming motility was observed between any of
the fimbrial mutant strains and the wild-type strain (Fig 3.5). While no genetic comple-
mentation of the �pilA mutant was performed since the mutant exhibited no discernible
alteration in swimming or swarming, the flp and fimA mutants were complemented by intro-
duction of the stable plasmids pVSP61::Pflp:flp and pVSP61::PfimA:fimA, respectively. It
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was noteworthy that the complemented �flp mutant strain swarmed less than the wild-type
strain. Likewise, while less pronounced, the complemented �fimA mutant also exhibited
less swarming capability than the wild-type strain. While the levels of the transcripts of
fimA and flp in swimming and swarming colonies of the wild-type strain and complemented
mutant strains are unknown, we presume that these genes were more highly expressed in the
complemented mutants due to the higher copy number of the plasmid-borne genes. Such
increased expression of these fimbrial subunits could lead to increased abundance of adhesive
fimbriae, which would tend to bind cells to their surfaces and hence repress motility.

Over-expression of flp
Since the �flp mutant strain exhibited the most enhanced swimming ability relative

to the parental strain, while the swarming of the complemented mutant was also the most
suppressed, we hypothesized that over-production of Flp pilin in wild-type P. syringae would
also reduce its swarming motility. Plasmid pVSP61::Pflp:flp in which flp was expressed under
the control of its own promoter was introduced into variants of wild-type P. syringae B728a
exhibiting di↵erent swarming capabilities to increase Flp expression due to the presence of
multiple gene copies. To ensure that the promoter-containing region was included in such
a construct, 1.5 kb of sequence upstream of flp, as well as the 207 bp flp sequence, and
168 bp of sequence downstream of flp were included in pVSP61::Pflp:flp. The presence
of a large amount of upstream sequence resulted in the inclusion of an ORF predicted to
encode pilus assembly protein RcpC (Psyr 4390), but on the opposite strand. While the size
of the swarming colonies of the hypo-swarming strain ns5 and the hyper-swarming strain
ns8 (Chapter 2), into which plasmid pVSP61::Pflp:flp was introduced, were smaller than
those of the parental strains, this di↵erence was statistically significant only in the case of
hypo-swarming strain ns5 (p-value = 0.001) (Fig 3.6).

Attachment to leaf surfaces is flp dependent
While the examination of pili function in vitro through assessment of swimming and

swarming motility has been extensive [173, 163, 96, 140, 29, 23], it remains unclear whether
such processes are habitat dependent. That is, the nature of the surface influences the inter-
action with pili, whether it be attachment to or movement across, and could be important
to P. syringae virulence. The ability of P. syringae to interact with leaf surfaces is almost
certainly an important first step in the infection process since the inoculum comes from
external sources. The role of pili in the infection process has been addressed to some degree
in animal pathogens where type I as well type IV pili have been found to attach to host
surfaces [160, 209, 199]. CU pili have been shown to be involved in biofilm formation and
surface attachment to grape since fimA mutants were unable to form substantial biofilms in
X. fastidiosa [106]. However, while the virulence of Flp pili mutants have been established
in plant pathogen R. solanacearum [189], the adhesive properties of type IVb pili produced
by plant pathogens to their hosts is still not understood.

We investigated fimbrial attachment of P. syringae to its plant host through quantifi-
cation of the relative attachment e�ciency of mixtures of a given fimbrial mutant and the
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wild-type strain to leaf surfaces. In order to conduct such studies, isogenic plasmids carrying
di↵erent antibiotic resistance markers were introduced into each strain so that they could
be di↵erentiated and enumerated in a given sample. We hypothesized that if fimbriae were
involved in attachment to leaf surfaces, we would see a reduced attachment e�ciency of
the fimbrial mutant relative to the wild-type strain. Bean trifoliate leaves were submerged
in bacterial suspensions containing a mixture of about 107 CFU/mL of each strain for 1
hour to enable attachment to the leaf surface. Cells were then removed, shaken gently to
remove excess water, and then gently washed for 30 seconds to remove non-adhering cells.
Cells remaining on leaves were enumerated by dilution plating of leaf macerates. The �flp
mutant was apparently impaired in attachment to bean leaves since the proportion of cells
of the mutant relative to that of the wild-type strain recovered from leaves was significantly
lower than that in the inoculum to which the leaf was originally exposed (p-value = 0.0001;
unpaired t-test) (Fig 3.7). Importantly, restoration of Flp production by genetic comple-
mentation of flp expression in the �flp mutant by introduction of plasmid pVSP61::Pflp:flp
restored the apparent adhesiveness of the cells since the proportion of this complemented
mutant recovered from leaves was identical to that in the inoculum to which the leaf was
exposed (Fig 3.7). In contrast, no change in the proportional recovery of the �fimA or
�pilA mutants from leaves relative to their original composition was observed, suggesting
that they did not contribute to attachment (Fig 3.7). It should be noted however, that the
relative attachment e�ciency of the �fimA mutant was performed only once, and the leaves
were not shaken thoroughly after removal from cell suspension or from washing (only allowed
to drip dry). In other studies, we found that a lack of thorough washing of the treated leaves
to remove initial inoculum obscured changes in the proportion of cells of a �flp mutant in
mixtures that had attached to leaves (Fig 3.8). This suggests that we may have overlooked
a deficiency of �fimA mutants to attach to leaves.

Antibiotic marker genes have similar recovery e�ciencies
To ensure that di↵erences in apparent attachment were not simply due to biases resulting

from di↵erential recovery e�ciencies of strains having dissimilar antibiotic marker genes, we
performed reciprocal experiments in which the marker genes were switched between the
strains; e.g. with the wild-type strain now carrying a kanamycin resistance marker, and
mutant strain now carrying a spectinomycin marker. The �flp mutant again was recovered
in a lower proportion of cells after exposure to leaves than that in the initial inoculum,
suggesting that the marker used to di↵erentiate these strains did not contribute to the
changes in cells recovered (Fig 3.9). The plating e�ciency of cells marked with spectinomycin
and kanamycin thus appear to be equivalent and they can be used interchangeably as marker
genes.

Early involvement of Flp pili in leaf surface attachment
While these results strongly indicate that Flp pili contribute to attachment to leaves, it

has been shown that motility is also necessary for epiphytic survival on leaf surfaces, as the
loss of motility apparently reduces their ability to move to particular sites on leaves where
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they are protected from abiotic stresses [63]. That is, the irreversible attachment of cells
after immigration to leaves may be expected to be detrimental to P. syringae. We therefore
hypothesized that Flp pili attachment may be only transiently important, enabling initial
capture of cells by plants, after which secondary processes of attachment and/or motility
may play more important roles in the eventual ability to acquire suitable sites for surface
or interior colonization. To test this hypothesis, we assessed the attachment of the �flp
mutant relative to that of the wild-type strain after both 1 hour and 3 hours incubation
on leaves. While the �flp mutant was impaired in attachment after both 1 hour and 3
hours incubation, the apparent attachment deficiency was much reduced by 3 hours (Fig
3.10). This result suggests that Flp pili may be involved primarily in initial attachment upon
bacterial immigration to a plant surface, and thus would be involved in the initial attachment
process that has been observed in the biofilm formation processes of other bacterial taxa such
as P. aeruginosa [39].

Context dependent virulence of P. syringae B728a to bean
The process by which topically applied inoculum of P. syringae can cause a lesion in leaves

probably involves several traits of this pathogen that could either facilitate or interfere with
infection. It might be expected that the adhesiveness of cells could prevent their removal by
water or wind from leaf surfaces after their immigration, although adhesion might interfere
with the motility necessary to find sites through which the plant could be invaded. We
thus posited that under conditions in which removal from leaf surfaces would not occur,
pili mutants deficient in adhesion would incite more leaf lesions than the wild-type strain.
Conversely, under conditions where inoculum could be readily removed, such as by rainfall,
the non-adhering pili mutants would be more easily washed away from leaves and hence
incite fewer lesions than the wild-type strain. To test the former scenario, experiments were
conducted in which topical inoculum of various bacterial strains was applied to leaves, which
were then kept moist in a humid environment with no additional water applied to leaves
for 48 hours before being transferred to a low humidity environment for 7-9 days to enable
lesion formation to occur. To test the second scenario, each plant was sprayed with sterile
water to simulate light rain one hour after inoculation.

As might be expected, a flagellar mutant (�flgK ) incited very few lesions even when water
was not applied to leaves after inoculation (Fig 3.11), further documenting the importance
flagellar motility in successful invasion of leaves. Surprisingly, the �pilA mutant incited only
half the number of leaf lesions as the wild-type strain on plants on which no additional water
was applied to leaves after inoculation (Fig 3.11A). The�flp mutant incited similar numbers
of lesions as the wild-type strain, while the �fimA mutant incited numerically more lesions
than the wild-type strain, although this di↵erence was not significantly di↵erent (Fig 3.11).
Under conditions of simulated rain following inoculation, the �fimA and �pilA mutants
incited significantly fewer leaf lesions than the wild-type strain (Fig 3.12). While the �flp
mutant appeared to incite numerically fewer lesions than the wild-type strain, this di↵erence
was not significant. The �fimA mutant exhibited a 2.6-fold reduction in the incidence of
disease on leaves that received topical water applications after inoculation compared with
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the wild-type strain, while the �flp mutant exhibited only a 1.2-fold reduction under these
conditions (Fig 3.12). It is noteworthy that the �pilA mutant exhibited similar proportional
decreases in numbers of lesions incited under both conditions of abundant water or when no
water was applied to leaves after inoculation. This result might suggest that any contribution
of type IVa pili to adherence of leaves is less important than its contribution to mobility on
the leaf surface in the infection process.

In order to more directly observe the e↵ect of di↵erential adhesion of P. syringae fimbrial
mutants on movement inside host plants, a process that probably contributes to the ability
of cells to form lesions, the wild-type strain and �fimA, �pilA, and �flp mutants were
individually syringe-inoculated into a given bean pod, 2 cm apart, in a random order. Such
an inoculation process would bypass the initial invasion step. The movement of the cells
in the tissue was determined by measuring the size of the generally water-soaked necrotic
lesions that formed. While more typical water-soaked lesion symptoms were found in most
inoculation sites, only small brown lesions were formed in 2 out of 16 pods inoculated with
the wild-type strain, while more variably sized brown lesions formed in 4 out of 16 pods
inoculated with the �pilA mutant, and 5 out of 16 pods inoculated with the �fimA and
�flp mutants. There was no association of these brown lesions with particular pods, nor
was there a correlation between such symptoms and the relative location on the pod. The
average lesion size incited by both �fimA and �flp mutants was larger than that incited by
the wild-type strain, and this di↵erence was significant when compared with the wild-type
strain (Fig 3.13).

Egression of P. syringae strains from Phaseolus vulgaris leaves
Given that the flp and fimA mutants both formed larger lesions in bean pods, we posited

that such larger lesions was due to the lower adhesiveness of the cells, enabling them to move
more readily within the apoplastic spaces of the plant. To more directly test the adhesiveness
of these strains, they were individually infiltrated into bean leaves and allowed to grow for
either 4 or 24 hours. Their adherence to the internal parts of leaves was then assessed by
quantifying the number of cells released from the cut edges of surface sterilized leaves. The
number of cells egressed was normalized for the total number of cells in each small leaf
sample. Surprisingly, no di↵erence was observed in the proportion of cells of either fimbrial
mutant that was released from the cut edge of the leaf compared to that of the wild-type
P. syringae strain. The average proportion of egressing cells was somewhat lower than that
of the wild-type P. syringae strain, although the means were not significantly di↵erent (Fig
3.14). We note however that the sample size (n = 3) was small, and that the proportion of
cells of a given strain that was released was highly variable. Thus any intrinsic di↵erences
in their ability to be retained in the plant might have been obscured.
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3.3 DISCUSSION

The utilization of fimbriae by bacteria to interact with surfaces is considered to be an impor-
tant mechanism contributing to their e�cient colonization of di↵erent niches [22]. Those pili
that have been characterized appear to be important virulence factors in animal pathogens,
having many roles in the infection process. However, pili are also more generally involved in
movement and adherence to surfaces, biofilm formation, and auto-aggregation in other bac-
teria [175, 190, 157, 23]. Studies of the role of pili have mainly been conducted in animal sys-
tems, and unfortunately their role in virulence and other behaviors of plant pathogenic bac-
teria remains poorly understood. Furthermore, nearly all studies of pili in plant-associated
bacteria have addressed type IVa pili [22], with few studies of type I (CU) and type IVb
pili. Because of this, we sought to gain insight into the contributions of the diversity of pili
produced by P. syringae B728a to its behavior as both a pathogen and epiphyte of plants.
This strain proved to be a good model organism for such studies because bioinformatic anal-
yses revealed that it possesses genes having homology to almost all major pilus groups. This
study therefore focused on the possible roles of type IVa, type IVb-Flp, and CU pili because
their distinct features might enable them to contribute to both motility and adhesiveness of
P. syringae.

Culture media composition may influence expression level of pili
Studies of bacterial motility can be strongly influenced by the conditions in which such

phenotypes are assessed, making it di�cult to extrapolate results to their behavior in the nat-
ural habitats of such organisms. Swarming and swimming assays are typically macroscopic
culture-based methods of assessing motility. It seems likely, therefore, that the contribution
of a given gene to a particular bacterial behavior will be highly context dependent. For
example, the production of type IVb longus pili in enterotoxigenic E. coli was strongly de-
pendent on the nature of the medium in which the cells were grown. Much higher levels of
expression were observed in TSAB, PPLO and LB medium than in minimal media [119].
It seems reasonable to assume that any contribution of these pili to E. coli behavior would
have been dependent on the medium used in this study. We were somewhat surprised to ob-
serve that flp and fimA mutants of P. syringae B728a exhibited increased swimming ability
compared to the wild-type strain, while they exhibited no apparent di↵erence in swarming
motility. In certain other bacteria, both swarming motility and swimming motility are sig-
nificantly a↵ected by deficiencies in fimbrial biogenesis. However, in P. syringae pv. tabaci
6605, type IVa pili appear to contribute to swarming motility, but not to swimming motility
[173], whereas in P. aeruginosa, the type IVa minor pilins have been suggested to suppress
swarming motility [97]. Thus, evidence of the contribution of a particular pilus in an in vitro
assay provides some evidence of its role in natural habitats, while a negative e↵ect might be
due to a lack of proper expression under the conditions of the study. Thus, in our study, it
appears that the presence of Flp and CU pili might tend to interfere with swimming ability,
perhaps by increasing the resistance to movement through a fluid, but less can be said about
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their possible role in active motility on surfaces.

Twitching motility and distant tissue colonization in Nicotiana benthamiana

An intriguing mode of motility of several P. syringae pathovars, including strain B728a
and proposed to occur through twitching, was reported to occur in the model plant Nico-
tiana benthamiana [126]. Toothpick inoculations of GFP-tagged P. syringae pathovars into
N. benthamiana that resulted in compatible interactions also revealed that bacteria appeared
to frequently spread through xylem vessels to more distant tissues [126]. In incompatible in-
teractions, distant colonization occurred at a much lower frequency, presumably because
the hypersensitive-response (HR) triggered programmed cell death by the plant, thereby
restricting growth of the bacteria [126]. It was found that HopQ1-1, a type III secretion
system e↵ector of P. syringae pv. tomato DC3000, was singularly responsible for triggering
HR-like cell death in N. benthamiana, as its disruption rendered the pathogen virulent on
this non-host plant [192]. The distal colonization of N. benthamiana away from the point of
inoculation did not require flagella, as the movement of a fliC hopQ1-1 double mutant was
indistinguishable from that of a hopQ1-1 mutant. In addition, micro-colonies were found
sporadically in the apoplast of mesophyll tissues surounding xylem vessels, presumably re-
sulting from bacterial exit from the xylem vessel [126]. Whether or not P. syringae cells can
actively invade the xylem vessels is not known, although there is evidence that twitching
motility is necessary for R. solanacearum to colonize xylem vessels and cause disease symp-
toms [109]. Similarly, twitching motility is required for colonization of xylem vessel elements
by the non-flagellated grape pathogen Xyllela fastidiosa [123]. While it is unknown whether
P. syringae B728a engages in distant tissue colonization in bean, these results provide some
evidence that type IV retractile pili are operative in this species, and might account for the
apparent local movement seen in this study that is suggested by the lower ability of pilA
mutants to cause leaf lesions after topical inoculation onto plants.

Complex relationship between fimbriae and motility
Because the processes of attachment and motility are traits to which various types of

fimbriae can di↵erentially contribute, it is perhaps not surprising that the expression of such
pilus groups is regulated in a complex way to prevent antagonism among these phenotypes.
A clear example of such antagonism was noted in our study. Modest over-expression of Flp
resulted in a decrease in the swarming motility of P. syringae B728a while its disruption in-
creased swimming ability (Fig 3.4, Fig 3.6). Disruption of Flp in a mutant strain inoculated
into bean pods also resulted in an increased lesion size compared to the wild-type strain (Fig
3.13), suggesting that Flp pili are presumably expressed in the apoplast as well, and also
function in hindering movement there. These findings strongly suggest that the dominant
role of Flp pili in actively moving cells is to hinder their movement, possibly by transient
attachment to surfaces, thereby acting as an anchor. In P. aeruginosa, a complex relation-
ship is seen in the expression of type IVa pili, flagella, and Flp pili. The contribution of Flp
pili to the adhesion of cells to surfaces is completely masked unless production of flagella
and type IVa pili are blocked, and Flp is over-expressed [39], suggesting that active motility
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involving type IVa pili and flagella can generate forces exceeding those necessary to dislodge
cells attached to surfaces by Flp pili in P. aeruginosa. While constitutive expression of type
I fimbriae in uropathogenic E. coli resulted in a significant decrease in flagellin expression
and thus motility, disruption of type I fimbriae expression did not result in altered motility.
Likewise, increased or decreased expression of flagellar genes did not a↵ect the expression
of genes encoding type I fimbriae, suggesting that there is a unidirectional relationship be-
tween production of type I fimbriae and flagella in UPEC whereby the activity of type I
fimbriae as anchors has caused the cell to suppress flagellar production in their presence
[100]. While Flp pili were initially identified as tight adherence pili due to their contribution
to the development of tenacious biofilms [81], this is not always the case, such as in P. aerug-
inosa PAO1, or in the salmon pathogen Aeromonas salmonicida, where their contribution to
biofilm structure is more modest [39, 18]. In P. syringae B728a, however, Flp pili appear to
be the most adherent pilus type. In fact, the higher swimming and swarming capabilities of a
�flp mutant compared to the wild-type strain suggests that this contribution to attachment
was large relative to the forces presumably generated during flagellar-mediated movement.
However, it is possible that the inverse relationship seen between expression of certain pili
and flagella in E. coli [100] does not preclude the possibility that flagellar expression was
elevated in a �flp mutant of P. syringae while being reduced when flp was over-expressed.
While fimA also apparently contributes to the attachment of P. syringae B728a to surfaces,
as in other taxa, it seems to have a smaller overall e↵ect compared to Flp.

Conservation of fimbrial groups in P. syringae

While comparison of the pili assembly pathways found in strain B728a show conser-
vation with that in the tomato pathogen P. syringae DC3000 and the bean pathogen P.
syringae 1448A, the classic type IVb assembly pathway is noticeably absent in both 1448A
and DC3000 (Table 3.2). The type IVa pilin showed orthology with the most strains of
Pseudomonas species, and orthology was indicated with 8 di↵erent species, although re-
ciprocal best-BLAST searches were not performed with all of them. On the other hand,
Psyr 1512, the classic type IVb pilin, only showed orthology with that in various P. aerugi-
nosa species and a single strain of Pseudomonas protogens, and had no homology to genes
in either DC3000 or 1448A. The major pilin of type IVb pili, PilS2, is required for conju-
gal transfer of a large pathogenicity island (ca. 108 kb) in P. aeruginosa between strains
[30, 148]. It is likely that P. syringae B728a acquired this pathogenicity island through a
horizontal gene transfer event.

Other pilin homologs in B728a
While several P. syringae B728a major fimbrial systems were explored in this study, more

have yet to be characterized. The common type IVb pathway appears to be highly conserved
in strain B728a (Fig 3.2), which suggests that it could play an important functional role
in P. syringae. In Salmonella, type IVb pili contribute significantly to invasion, but not
adhesion, to host epithelial cells [19, 209]. The contribution of type IVb pili to twitching
has only been reported in a single strain of E. coli thus far, and these type IVb longus pili



CHAPTER 3. CONTRIBUTIONS OF ADHESIVE FACTORS TO VIRULENCE OF
PSEUDOMONAS SYRINGAE 65

also appear to be involved in adherence of E. coli to host cells [119]. It appears, however,
that type IVb pili are not commonly associated with twitching motility [119]. This may be
due to the fact that type IVb pili have been substantially less well studied than type IVa
pili, and the focus of current studies has been on only a small number of specialized cases
[119]. The further characterization of more bacterial species with type IVb pili may reveal
a greater role for this pilus group in motility than observed to date. Even though type IVa
and type IVb pili are phylogenetically distinct, many of the functional attributes of type IV
pili are shared, such as their involvement in biofilm formation and cell aggregation, perhaps
as a consequence of the contribution of such pili to the adhesiveness of cells [119]. Type
IVb pili are also not completely independent in their biogenesis, and share the function of
PilD, the type IVa prepilin peptidase, in order to produce functional fimbrial subunits in
P. aeruginosa [23, 30]. It is possible that the predicted and highly conserved type IVb pili
contributes to some form of motility in P. syringae B728a, but as is the case for the other
pili studied here, the relative importance of such pili in attachment versus motility will need
more detailed study. Any movement of P. syringae that is conferred by type IVb pili must
be small and local, as no macroscopic twitching motility of P. syringae B728a was seen in
standard assays (Fig 3.3).

The CupC fimbrial assembly pathway is another pili biogenesis pathway homolog found
in P. syringae B728a that was not studied here. Psyr 1131 was identified as the major
structural subunit in this pathway (Table 3.1). While the arrangement of genes in the region
of Psyr 1131 is similar to that harboring P. aeruginosa CupB, it is most homologous to CupC.
It is possible that the pili encoded by Psyr 1131 to Psyr 1136 and Psyr 2039 to Psyr 2036
serve redundant functions as they are apparently so similar. A more pronounced deficiency
of adherence from that seen in the �fimA mutant may have been observed if a double mutant
had been constructed to investigate both Cup fimbrial proteins. In P. aeruginosa, however,
there is evidence that these pili do not contribute equally to attachment. Three Cup loci
have been identified in P. aeruginosa, termed CupA, CupB, and CupC [182]. CupA has been
the most extensively studied, and has been associated with adherence to abiotic surfaces in
initial stages of biofilm formation [182]. However, no function has been described for CupB
and CupC [181]. MvaT and MvaU have been shown to be repressors of the phase-variable
CupA, as an mvaT mutant generates a mixed population of cells in which CupA expression
is either ‘ON’ or ‘OFF’, and these repressors have also been shown to regulate CupB and
CupC expression in P. aeruginosa [183]. Homologs of MvaT and MvaU, having 83% and
62% amino acid sequence identity, respectively, occur in P. syringae B728a, suggesting that
the Cup pili found in P. syringae may be regulated in a similar fashion.

Non-specific adherence of Flp pili
To date, experimental evidence of Flp pili function has been performed in only a few

taxa, such as Caulobacter [168], P. aeruginosa [39], R. solanacearum, and particularly in
Aggregibacter actinomycetemcomitams [53, 81], in which most functional studies have been
done. While the Flp pili in P. syringae appear to be the most adhesive pili, it remains unclear
whether Flp pili show selectivity in the surfaces to which they attach. Type I pili have
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been shown to preferentially bind to surfaces containing mannose [35], while P-pili exhibit
selectivity for surfaces containing galactose-galactose disaccharides [147]. Flp pili appear to
attach to surfaces of leaves, which are covered in a waxy cuticle, as well as the apoplast, since
a flp mutant attached significantly less well to leaves than the wild-type strain, and the size of
the lesions formed by a flp mutant were larger than that of the wild-type strain, suggestive of
non-specific adherence. It is also possible that an inverse relationship between expression of
flp and genes conferring flagellar production might complicate conjectures made on the role
of attachment. It is noteworthy that in both Aggregibacter and in Ralstonia, Flp pili appear
to be involved in non-specific adherence to abiotic substrates [82, 189]. Since Aggregibacter
colonizes tooth enamel, it would not be expected to necessarily colonize biotic surfaces,
while in Ralstonia, attachment to living plant cells has not been demonstrated [189]. In P.
aeruginosa, Flp pili have been demonstrated to bind to both abiotic (polystyrene) surfaces
as well as bronchial epithelial cells [39]. Taken together, this suggests that Flp pili may
mediate non-specific surface adhesion as well, since non-specific attachment appears to be
quite common. We speculate therefore that the primary role of Flp pili in P. syringae is to
mediate initial attachment of immigrant inoculum to leaf surfaces. PilA and FimA might
also contribute to such a process, since their disruption also reduces the apparent retention
of inoculum of P. syringae on leaves which experienced simulated rainfall after inoculation
(Fig 3.12). Addition investigation in P. syringae and other organisms may reveal new and
more specialized functions of Flp pili.

Specificity of CU pili adherence
The most extensively studied CU pili, type I pili, are involved in biofilm development.

Due to the mannose specificity of the adhesin FimH, it is thought to be involved in binding to
and colonizing receptor proteins rich in mannose groups coating the surface of the epithelium
[147]. Interestingly, evidence suggests that type I pili may be dispensable in initial binding to
abiotic glass surfaces, as non-fimbriated E. coli K-12 strains could adhere to glass surfaces
with greater e�ciency than fimbriated strains, presumably through greater electrostatic
forces due to closer proximity to the substrate [153]. However, type I pili were revealed to be
crucial for subsequent biofilm development on both abiotic [153] and biotic [147] surfaces, as
disruption in fimA abolished EPS production, with few surviving cells, while over-expression
of FimA results in a dramatic increase in both biofilm-associated cells and EPS production
[153]. CupA pili of P. aeruginosa have also been found to enhance the development of biofilms
[181]. However, it is unknown if EPS production is also modified in a CupA deficient strain.
In P. syringae, FimA appeared to be involved in adhesion in the plant apoplast, as a �fimA
mutant formed slightly larger lesions than the wild-type strain in a given pod. Given this,
we would expect that they would also incite a greater incidence of leaf lesions, as in the case
of Flp. Surprisingly, this was not the case, as topical application of a �fimA mutant strain
resulted in fewer lesions than the wild-type strain. A likely explanation for this may be
due to a defect in biofilm formation. If P. syringae FimA was also involved in biofilm (cell
aggregation) development and EPS production, it is possible that smaller cell aggregates
(biofilms) on the surface could reduce the abundance of local inoculum available on the



CHAPTER 3. CONTRIBUTIONS OF ADHESIVE FACTORS TO VIRULENCE OF
PSEUDOMONAS SYRINGAE 67

surface of the plant from which invaders of the apoplast would be recruited.

Early work in the investigation of the relative contribution of type IVa pili to
adhesion and virulence in P. syringae

Early work also partially addressed the role of piliation and virulence of P. syringae pv.
phaseolicola HB10Y. The studies of Bamford and Romantschuk focused on type IVa pili.
Because these pili are the receptor targets of �6 bacteriophage, isolation of phage-resistant
cells was a convenient method to select for strains altered in piliation. The majority of the
phage-resistant strains isolated were non-piliated, and exhibited a defect in adhesion [172,
156]. It is likely that these ‘non-piliated’ P. syringae strains retained the other types of
pili, but this was not assessed since visualization of pili is di�cult due to their small size
(typically less than 10 nm in diameter) and fragility [135]. The type IVa pili visualized in these
studies were saturated with adsorbed type IVa-specific �6 phage and subjected to negative
staining, greatly increasing the size of each type IVa pilus filament for easier visualization
[155, 156]. The other pili that might be expected in P. syringae strains would not have
been seen in such an approach. Attachment to leaves was measured by quantification of
bacteria retained on leaves after washing o↵ unadsorbed bacteria from topical inoculations
[172], and it was found that phage resistant non-piliated HB10Y mutants exhibited decreased
adsorption capabilities to leaves compared to the wild-type strain, suggestive that type IVa
pili plays a role in attachment in HB10Y [172]. These results are in direct contrast to our
studies that no di↵erence in attachment to bean leaves was observed between a�pilAmutant
and the wild-type strain (Fig 3.7). Scanning electron microscopy images revealed that the
wild-type strain of HB10Y was clustered around stomata, while non-piliated strains were
scattered evenly across the leaf surface after a short incubation [156], suggestive of a role in
adhesion preferentially to the stomatal surface as opposed to a form of twitching motility.
Detection of di↵erentially methyl-esterified pectic epitopes recognized by various monoclonal
antibodies in sugar beet showed that the guard cells of stomata displayed specific methyl-
esterified pectins not found elsewhere on the leaf epidermis [114]. Adhesion of type IVa pili
to specific pectin residues located only on guard cells may explain these observations of
Romantschuk and Bamford.

Additional work was performed comparing various pathovars of P. syringae di↵ering
in their possession of type IVa pili to their ability to attach to non-host plants. Such a
comparison revealed that type IVa pili seemed to be involved in non-specific attachment.
Some adsorption by the strains lacking type IVa pili was also observed, suggesting that
other forms of non-specific adhesion in addition to that conferred by type IVa pili was
operative. Such adhesion, likely due to Flp pili, was demonstrated to be non-specific in
several systems [82, 175], while adhesion mediated by CU pili was apparently more specific
[203]. It is unknown whether classic type IVb pili were present on any of the strains examined,
as their distribution may be less common (Table 3.2), and while there is rather limited
examination of type IVb pili [157], it is unknown whether adherence is specific, or non-
specific.

The role of type IVa pili in adhesion does not seem to be universal in P. syringae, as a
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PilA mutant in DC3000 was found to exhibit no di↵erences in attachment with the wild-
type strain [154], agreeing with our studies in B728a (Fig 3.7). In addition, DC3000 PilA
appears to be involved in epiphytic fitness, as the PilA mutant was impaired in epiphytic
growth compared to the wild-type strain on field grown tomato plants with topically applied
bacteria [154]. This complements our leaf lesion studies indicating that a PilA mutant was
unable to form as much disease as wild-type, as measure by frequency of brown spot lesions
(Fig 3.11, Fig 3.12). Inoculation of a DC3000 pilA mutant directly into the intercellular
space of tomato leaves developed similar bacterial speck disease symptoms compared to the
wild-type strain. Our work directly inoculating a B728a pilA mutant into bean pods also
exhibited no di↵erence in lesion size formation, while both fimA and flp mutants developed
increased lesion sizes. Taken together, this suggests that B728a and DC3000 PilA function
may be similar, and that type IVa pili play little role in the intercellular spaces of plants,
but seem to be involved in contributing to epiphytic fitness in several P. syringae strains
[154, 156, 172].

A model for adhesive fimbriae in B728a
A simple model can be developed based on our results that di↵erentiate the roles of various

adhesive fimbriae in P. syringae B728a (Fig 3.15). Motility in P. syringae B728a is repressed
by Flp pili and also mildly by CU pili such as FimA, as evidenced by a hyper-swimming
phenotype seen in knockout mutants as well as a reduced ability to swarm when such pili
are over-expressed (Fig 3.4, Fig 3.5, and Fig 3.6). Type IVa pili (PilA) may contribute
to motility, although such motility is probably restricted to that of short distances, as no
macroscopic di↵erence in twitching motility was seen in visual assays (Fig 3.3). However,
the fact that a pilA mutant consistently incited two-fold fewer leaf lesions than the wild-type
strain (Fig 3.11 and Fig 3.12) is highly suggestive that at least local motility mediated by
PilA might enable migration to sites through which the plant can be invaded. Type IVb pili
that were not functionally addressed in this study are also hypothesized to be involved in
micro-scale motility and invasion in some other taxa [14, 209]. Adhesion to bean leaf surfaces
appeared to be mainly conferred by Flp pili, although whether this reflects a particular
specificity to attachment, or simply high levels of non-specific adherence is unknown. In
addition, Flp pili, and to a lesser extent, CU pili (FimA) appear to be involved in apoplastic
adhesion, as increased lesion size in bean pods was observed in strains deficient in these
fimbriae (Fig 3.13). Based on evidence from other systems, it is possible that this may be
due in part to a reduction in EPS, which is associated with biofilm formation and reduced
motility. The detrimental e↵ect of reduced cell aggregation on leaves may have overcome the
modest increase in motility apparent in fimA mutant strains. It is possible that a second CU
pili homolog found in P. syringae B728a could also have similar properties as FimA and its
presence may have masked a larger role of FimA in interactions of P. syringae B728a with
plants. Study of a double knockout mutant will be required to resolve this issue. However,
while there are still unanswered questions in regards to fimbriae in B728a, it is clear that
attachment in P. syringae plays many roles that dictate its interaction with plants.
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Figure 3.1: Diagrammatic representation of the chaperone-usher pathway fimbrial regions
in Salmonella enterica (Type I), Escherichia coli (Type I) and Pseudomonas aeruginosa
(cupB and cupC) compared with that in Pseudomonas syringae B728a. The putative
chaperone-usher ORFs found in the chromosome of P. syringae B728a are based on BLASTp
iterative homolog searches.
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ing the type IVb subfamily Flp (tight adherence fimbriae) in Aggregibacter actinomycetem-
comitans, Pseudomonas aeruginosa PAO1, and Pseudomonas syringae B728a ascertained
using Pseudomonas Genome Database orthologue search [198] and BLASTp [3].
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Figure 3.3: Twitching motility of wild-type (C), �pilA (D), �fimA (E), and �flp (F)
mutants of Pseudomonas syringae B728a as well as Pseudomonas aeruginosa strains PAO1
(A) and PAK (B). The regions colonized by twitching cells were visualized by staining with
a 1.0% crystal violet solution. Scale bar = 5 mm.
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Figure 3.4: Size of swimming colonies formed by wild-type Pseudomonas syringae B728a
as well as �pilA, �fimA, and �flp mutants deficient in the production of various types of
fimbriae on soft half-strength KB plates (0.25% agar). Area of colonies is shown as cm2.
The vertical bars represent the 95% confidence interval of the mean swimming area. The
asterisk denotes the mean that di↵ers significantly from that of the wild-type strain (unpaired
two-tailed t-test; p-value = 0.039).
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Figure 3.5: Size of swarming colonies formed by (A) wild-type Pseudomonas syringae
strain B728a, a �fimA mutant, and a �fimA mutant that was complemented with
pVSP::PfimA:fimA, (B) wild-type strain B728a and a �pilA mutant, and (C) wild-type
strain B728a, a�flp, and the�flp mutant complemented with pVSP61::Pflp:flp after growth
on semi-soft KB swarming plates (0.4%). The vertical bars represent the 95% confidence
interval of the mean swarming area. These results are representative of two experiments for
each strain comparison.
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Figure 3.6: Size of swarming colonies formed by variant ns5 of Pseudomonas syringae
B728a which exhibited relatively low swarming ability (left panel), or by variant ns8 which
exhibited relatively high swarming ability (right panel), as well as of the corresponding
parental strains (white bars) in which flp was over-expressed by its introduction on plasmid
pVSP61::Pflp:flp (black bars) in which it was expressed from its own promoter, when grown
on semi-solid agar. The vertical bars represent the 95% confidence interval of the mean
swarming area. The significant size di↵erence of the ns5 (pVSP61::Pflp:flp) strain compared
to the parental strain is denoted with an asterisk (p = 0.001; unpaired two-tailed t-test).
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Figure 3.7: Relative ability of various pili mutants of Pseudomonas syringae B728a to
attach to the surface of Phaseolus vulgaris trifoliate leaves compared to the wild-type strain.
Leaves were immersed in an approximate 50:50 mixture of the wild-type and a particular
mutant. The number of cells of the CU pili mutant �fimA (A), type IVa pili mutant
�pilA (B), Flp pili mutant �flp (C), and the �flp mutant complemented with plasmid
pVSP61::Pflp:flp (D) recovered from washed leaves was divided by the total number of cells
of both the wild-type and mutant strain recovered. The dotted lines represent the upper
and lower boundaries of the 95% confidence interval of the mean fraction of mutant strains
in the inoculum, while individual symbols represent the proportion of the mutant recovered
from individual washed leaves after one hour incubation. The vertical bars represent the
95% confidence interval of the mean of the fraction of the total P. syringae cells represented
by pili mutant cells recovered on a given leaf sample. The asterisks denote the mean ratio
of mutant inoculum attached to leaves at 1 hour that di↵ers significantly from the mean
ratio of mutant inoculum applied to leaves at 0 hours (unpaired two-tailed t-test; p-value
= 0.0001). The results are representative of three independent experiments for the �pilA,
�flp, and the complemented �flp mutants, and a single experiment for the �fimA mutant.
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Figure 3.8: E↵ect of washing procedure on the relative ability of a �flp mutant of Pseu-
domonas syringae B728a to attach to the surface of Phaseolus vulgaris trifoliate leaves com-
pared to the wild-type strain. Leaves were immersed in an approximate 50:50 mixture of
the wild-type and the �flp mutant. The number of cells of the �flp mutant recovered was
divided by the total number of cells of both the wild-type and mutant strain recovered. The
dotted lines represent the upper and lower boundaries of the 95% confidence interval of the
mean fraction of mutant strains recovered from 5-8 replicate samples of the inoculum applied
to leaves, while individual symbols represent the proportion of the mutant recovered in indi-
vidual samples of leaves that were not shaken after being washed after one hour incubation
(left panel), or those which were shaken after being washed to remove excess water (right
panel). The vertical bars represent the 95% confidence interval of the mean of the fraction of
the total P. syringae cells represented by pili mutant cells recovered on a given leaf sample.
The asterisk denotes significance (p = 0.025; unpaired t-test). The results are representative
of three independent experiments for each treatment.
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Figure 3.9: Tests of the e↵ect of marker genes used in procedures to assess the relative
ability of a�flp mutant of Pseudomonas syringae B728a to attach to the surface of Phaseolus
vulgaris trifoliate leaves compared to the wild-type strain. Leaves were immersed in an
approximate 50:50 mixture of the wild-type harboring a plasmid conferring spectinomycin
marker gene and the �flp mutant harboring a plasmid conferring kanamycin resistance (A)
or these strains harboring the reciprocal marker genes (B). The number of cells of the �flp
mutant recovered was divided by the total number of cells of both the wild-type and mutant
strain recovered. Individual symbols represent the proportion of the mutant recovered in
individual samples of leaves. The vertical bars represent the 95% confidence interval of the
mean of the fraction of the total P. syringae cells represented by the �flp mutant in the
initial inoculum (left) and after 1 hour incubation (right) on a given leaf sample. Asterisks
denote significant di↵erences in the proportion of the total P. syringae population recovered
from washed leaves that was represented by the�flp mutant (p = 0.0001; unpaired two-tailed
t-test).
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Figure 3.10: E↵ect of incubation time on di↵erential attachment of a �flp mutant to bean
leaves compared to that of the wild-type strain Pseudomonas syringae B728a. Leaves were
immersed in an approximate 50:50 mixture of the wild-type strain and the �flp mutant.
The number of cells of the �flp mutant recovered from leaves washed one or three hours
after immersion in bacterial inoculum. The number of cells of the flp mutant recovered
was divided by the total number of cells of both the wild-type and mutant strain recovered.
Individual symbols represent the proportion of the mutant recovered in individual samples
of leaves. The dotted lines represent the upper and lower boundaries of the 95% confidence
interval of the mean fraction of mutant strains recovered from 6 replicate samples of the
inoculum applied to leaves, while individual symbols represent the proportion of the mutant
recovered in 10 individual samples of washed leaves after one or three hours incubation. The
vertical bars represent the 95% confidence interval of the mean of the fraction of the total
P. syringae cells represented by the �flp mutant. Asterisks denote significant di↵erences
in the proportion of the total P. syringae population recovered from washed leaves that
was represented by the �flp mutant compared to the wild-type strain (p < 0.01; unpaired
two-tailed t-test).
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Figure 3.11: Incidence of brown spot lesions on Phaseolus vulgaris leaves after topic inoc-
ulation with (A) a �flgK mutant, wild-type B728a, and a �pilA mutant, and (B) wild-type
B728a, �fimA and �flp mutants. Asterisks denote significant di↵erences in the incidence
of brown spot lesions when compared with the wild-type strain by an unpaired two-tailed
t-test (p < 0.0001). The vertical bars represent the standard error of the mean of the log-
transformed number of lesions per leaf. The individual symbols represent lesion numbers
determined on individual leaves. These experiments are each representative of two indepen-
dent experiments.
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Figure 3.12: Incidence of brown spot lesions on leaves of Phaseolus vulgaris following
topical application of cell suspensions of a wild-type strain, and �pilA, �fimA, and �flp
mutants. Inoculated plants were subjected to 5 minutes of simulated rainfall 1 hour post
inoculation. Asterisks denote significant di↵erences in the incidence of brown spot lesions
when compared with the wild-type strain, as determined by a two-tailed Mann-Whitney
U-test (*p-value < 0.05; **p-value < 0.01). The vertical bars represent the standard error
of the mean of the log-transformed number of lesions per leaf. Individual symbols represent
lesion numbers determined on individual leaves. These results represent a single experiment.
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Figure 3.13: Size of water-soaked lesions formed by wild-type Pseudomonas syringae strain
B728a as well as well as �fimA, �pilA, and �flp mutants deficient in the production of vari-
ous pili after inoculation into Phaseolus vulgaris Each of the four strains was inoculated into
a given bean pod, 2 cm apart, in a random order. Asterisks denote significant di↵erences
from WT, as determined by a two-tailed Mann-Whitney U-test to account for unequal vari-
ances (***p-value < 0.001; *p-value < 0.04). The vertical bars represent the standard error
of the mean lesion size. Individual symbols represent lesion size for a strain on a given pod.
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Figure 3.14: Egression of pili mutants out of Phaseolus vulgaris primary leaves at 4 hours
(closed symbols) and 24 hours (open symbols). Egression was quantified as the fraction
of cells passively di↵used into bu↵er from a single leaf disc after 30 minutes of incubation
divided over the total number of cells in the leaf disc as well as those egressed.
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Figure 3.15: A model of Pseudomonas syringae B728a adhesive fimbriae interaction. After
migration of P. syringae to a leaf surface, non-specific tight adherence pili attach the bacteria
to the leaf surface (A), followed by antagonistic short-distance movement to protected sites
(B) and development of cell aggregates (biofilms) (C). Cells that escape from biofilms are
then able to invade by short-distance motility that is antagonized by adhesive pili that form
(D) allowing subsequent colonization of the apoplast (E).
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3.5 TABLES

Table 3.1: Predicted fimbriae in Pseudomonas syringae B728a
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Table 3.2: Fimbrial orthologues of Pseudomonas syringae pv. syringae B728a by recip-
rocal best-BLAST hit in Pseudomonas syringae pv. phaseolicola 1448A and Pseudomonas
syringae pv. tomato DC3000 in Pseudomonas Genome Database.

P. syringae pathovar CU pilin CU pilin 2 type IVa pilin type IVb pilin type IVb - Flp pilin
syringae B728a Psyr_1131 Psyr_2039 Psyr_0799 Pysr_1512 Psyr_4389
phaseolicola 1448A Pspph_1199 Pspph_2013 Pspph_0821 not present Pspph_4432
tomato DC3000 Pspto_1312* Pspto_2230 Pspto_0927 not present Pspto_4849

*ORF appears highly modified
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Table 3.3: Primers for cloning and qRT-PCR.

Primers:(Cloning Sequence

FKF#F 5'- GTG TAG GCT GGA GCT GCT TC -3'
FKF#R 5'- ATT CCG GGG ATC CGT CGA CC -3'
pilA#full#S 5'- CAC CCC TTC AGA CGC GCA GCA ATA C -3'
pilA#full#AS 5'- GCT CGT CGT TAT CGA CCG GC -3'
pilA#insideout#AS 5'- GCAT ggtacc TTC ATA TCT ACT TCT CCG AGG CG -3'

pilA#insideout#S 5'-
GCAT ggtacc TAA TTT CTT GAT GAT TAT GTT ACA AGT 
GCG -3'

psyr_4389_up_F_short2 5'- TCC TGT TTG AGG CGT TCG TC -3'
FRT<Km_psyr__4389_up_R 5'- GAA GCA GCT CCA GCC TAC ACC TCA TTT CTC C -3'

FRT<Km_psyr_4389_dn_F
5'- GGT CGA CGG ATC CCC GGA ATT TGA TTA ATA TGC TTT 

GAG TTC ATT CCT G -3'
psyr_4389_dn_R_short2 5'- GCA GGA ACG TGT CTG GAT CAA TG -3'
psyr_2039_up_F_short2 5'- CAT GGG AAT ACA GAC CTG GAT CAT G -3'

FRT<Km_psyr__2039_up_R
5'- GAA GCA GCT CCA GCC TAC ACT TTG TTC ACG ATG AAA 

ACC CTA TTA AAG TTA CAG AAG -3'
FRT<Km_psyr_2039_dn_F 5'- GGT CGA CGG ATC CCC GGA ATT ACA TCG ACC CAT TCG -3'
psyr_2039_dn_R_short2 5'- TAG GGT CAT GTT CAA TGT CCT GG -3'
taatBamH1_psyr_0799_1.5kb#US#F 5'- TAAT ggatcc AAT GCT GCA ACG CCC ATG -3'
gataBamH1_psyr_0799_1kb#US#F 5'- GATA ggatcc ACT TGA CCC TTC CGT CCT G -3'
taatBamH1_psyr_0799#DS#R 5'- TAAT ggatcc AGG CAG TGA CGA GTC GTG -3'
taatBamH1_psyr_2039_1kb#US#F 5'- TAAT ggatcc CAT GGG AAT ACA GAC CTG GAT CAT G -3'
taatBamH1_psyr_2039#DS#R 5'- TAAT ggatcc TGC CTG ACT GGC TGG TAT ATA AGC -3'
taatBamH1_psyr_4389_1.5kb#US#F 5'- TAAT ggatcc TTG AAT GCC CTG GTC AAT TTC CAC -3'
taatBamH1_psyr_4389#DS#R 5'- TAAT ggatcc AGT CGT CAG GCT TTA CGC C -3'

Primers:(qRT4PCR Sequence
psyr_4389_RT_F 5'- ACC CAG TTG TAC GTC AGC ATC TAC ACG -3'
psyr_4389_RT_R 5'- TTA CCG TAC TAC CAC CCA ATC CAG TGA -3'
qpcr_rpoD#F 5'- ACG CGC CAT CAT GCA GCT GTG -3'
qpcr_rpoD#R 5'- GCC AGT GCG TCA GTC CAG CTT TC -3'
qpcr_3981#F 5'- CAG CGG ACG GGT GCA GGT AGA C -3'
qpcr_3981#R 5'- CGT CGT TGT CAG GCT CGT CCA G -3'
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3.6 MATERIALS AND METHODS

Bacterial strains, plasmids, culture media, and growth conditions
Pseudomonas syringae pv. syringae B728a [112] was routinely cultured in King’s medium

B (KB) broth or on KB plates supplemented with 1.5% (w/v) Difco technical agar (BD
Biosciences, catalog no. 281210) at 28°C [90]. Escherichia coli strains TOP10 (Invitrogen,
catalog no. C4040-03), XL1-BLUE (QB3 Macrolab, Berkeley, CA,), and S17-1 [165] were
cultured in Luria-Bertani (LB) medium broth, or on LB plates supplemented with 1.5% (w/v)
Difco technical agar at 37°C [113]. Antibiotics were used at the following final concentrations:
rifampicin, 100 µg/mL; kanamyacin, 50 µg/mL; spectinomycin, 100 µg/mL for P. syringae;
spectinomycin, 20 µg/mL for E. coli; tetracycline, 15 µg/mL; nitrofurantoin (NFT), 30
µg/mL. Natamycin (antifungal) was used at 21.6 µg/mL.

Genome Sequence Analysis
The translated protein sequences of the DNA sequences obtained were analyzed with

the BLASTp program and compared with the PAO1 genome at the Pseudomonas Genome
Database (http://www.pseudomonas.com) [198]. Further analysis of protein homology with
non-Pseudomonas strains was performed using NCBI BLASTp [3]. An E value cuto↵ of
0.01 was used to test for significance. Escherichia coli strain K-12 substrain MG1655
(NC 000913.2) and Salmonella enteric serovar Typhi strain CT18 (NC 003198.1) were re-
trieved from NCBI and used to reconstruct Type I chaperone-usher pathways. The PAO1
cup pathways were reconstructed through PGD orthologue search. Predicted P. syringae
B728a fimbrial homologs were detected using either PGD or NCBI BLAST. Sequence editor
APE version 2.0.37 (http://ape-a-plasmid-editor.wikispaces.com/) was used to identify the
homologs for each strain.

Swarming motility assay
The swarming motility of wild-type P. syringae B728a and mutant strains deficient in pili

production was assessed on semi-solid KB plates containing 0.4% technical agar as described
previously [149]. Approximately 20 mL of KB media was poured into each 100 mm petri dish
at room temperature on a bench top. These plates were allowed to solidify for about 18 hours
overnight at room temperature. The next day, cells of P. syringae variant strains grown in
streaks overnight at 28°C were scraped from plates and re-suspended in 10 mM potassium
phosphate bu↵er by vortexing. The cells were gently washed two times at 7,000 rpm for 2
minutes in 1 mL of 10 mM potassium phosphate bu↵er before a final re-suspension in bu↵er
to yield a final concentration of 2.0 x 109 CFU/mL. 5 µl drops of each suspension were
spotted on to the center of 4-6 swarming plates (staggered to minimize location biases) and
allowed to grow and move (swarm) for 19-22 hours on covered plates at room temperature.
Photographs of individual plates placed on a dark velvet surface were taken with a Nikon
E4500 camera under macro settings and the area of individual colonies of swarming cells was
determined using Photoshop CS3 version 10.0.1, using a ruler placed next to each plate to
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calibrate the images.

Swimming motility assay
Strains were grown overnight on KB plates at 28°C. Plates solidified with 0.25% technical

agar and containing half-strength KB (supplemented with sterile water) were poured into
100 mm petri dishes in a laminar flow hood. Lids were left o↵ to allow the agar surface to dry
for 10 minutes before being covered again prior to transport to a room temperature bench
top. Plates were stab inoculated with cells and recovered from the surface of KB plates
with a sterile 10 ul pipet tip and incubated at 28°C. The diameter of swimming colonies was
measured between 20-48 hours after inoculation.

Twitching Motility Assay
Luria-Broth agar plates were solidified with 1.0% technical agar, and allowed to harden

in a laminar flow hood for 20 minutes before being stabbed with cells grown overnight on
plates incubated at 28°C. Plates were covered and placed at 28°C for 3-4 days. The agar
surface was carefully removed from the plates, and the bacteria attached to the polystyrene
surface were stained with a 1.0% crystal violet [wt/vol] solution for 5 minutes, followed by 3
washes with potassium phosphate bu↵er.

Leaf lesion assays
Bean leaf spray inoculation assays were similar to that used previously [149]. Cells of

P. syringae B728a strains were grown on KB overnight at 28°C. These cells were scraped
from plates, resuspended in 1 mM potassium phosphate bu↵er, and gently resuspended in 1
mM potassium phosphate bu↵er to yield a final concentration of 1.0 x 106 CFU/mL [195].
Phaseolus vulgaris cv. Bush Blue Lake 274 (2-3 week old greenhouse grown bean plants),
with fully expanded primary and a single set of fully expanded trifoliate leaves were used.
Four sets of trifoliate leaves of similar size per pot were selected for use. Pots of plants
were spray inoculated with the cell suspensions and spatially mixed in a mist chamber so
that a plant inoculated with a given strain were not clustered in one area, thus eliminating
spatial bias. Plants were incubated under high humidity (ca. 100% relative humidity) for
48 hours in a sealed mist chamber (daylight: 12 hour day/ 12 hour night; Humidity cycle:
High humidity provided by a humidifier for 1 minute, every 6 hours). Plants were then
returned to a greenhouse bench to allow lesion formation to occur. Brown, necrotic lesions
with yellow chlorotic halos were enumerated 7-9 days post inoculation. Nine trifoliate leaves
per pot were evualuated for visual counting of numbers of visible lesions using a light box.
Each spray inoculation was performed on triplicate pots.

Leaf lesion number assays with simulated rain
A bean leaf inoculation assay was performed identically to that described above, with the

following modifications: After spray inoculation with bacterial strains, pots were incubated
in the mist tent for 1 hour. The bean plants were then removed from the mist chamber and
sprayed with sterile deionized water to simulate rainfall. About 200 mL of sterile distilled
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water was ‘rained’ on to each set of trifoliate leaves, for a total of 800 mL per pot. Water was
applied with a hand-held spray bottle from a distance of one meter with the nozzle adjusted
to generate coarse droplets. After the simulated rainfall, plants were immediately placed
back into the mist chamber as above. Plant were then incubated and diseased assessed as
above.

Phaseolus vulgaris bean pod lesion formation
Bean pod inoculation assays were performed similarly to that in other studies [149]. Bean

pods (12-14 cm long) were harvested from 6-7 week old bean plants (Phaseolus vulgaris cv.
Bush Blue Lake 274) immediately before inoculation. Cells of P. syringae B728a harvested
from plates grown at 28°C were gently washed 2 times and re-suspended in 1 mM potassium
phosphate bu↵er at a cell density of 107 CFU/mL. Bean pods were syringe inoculated with P.
syringae strains using 25 gauge sterile syringe needles (BD Biosciences, catalog no. 305122),
and bean pods were then incubated under humid conditions at 28°C for 3-4 days. Humid
conditions were created by placing the inoculated pods on top of porous racks in a sealed
Pyrex dish lined with wetted paper towels. Bean pod lesions were imaged with a stereo
dissecting microscope (exposure: 200 ms; gain: 200; bin: 1) and analysis of lesion areas was
performed using Adobe Photoshop CS3 and digital rulers were calibrated to a metric ruler
photographed next to the pods. Pod imaging was performed on a Zeiss Lumar .v12 Stereo
Dissecting Microscope, with a 0.8x Neo Lumar objective, and a QImaging Micro Publisher
camera.

Egression Assay
Leaves of Phaseolus vulgaris cv. Bush Blue Lake 274 (1-2 week old) were vacuum infil-

trated with P. syringae B728a strains at 106 CFU/mL in sterile water supplemented with
0.01% Silwet L-77®. P. syringae strains were grown overnight at 28°C on KB plates, washed
twice in 1 sterile water at 7,000 rpm for 2 minutes, and re-suspended in sterile water. Plants
were allowed to dry for 3 hours before processing. One leaf per triplicate pot was submerged
in 15.0% hydrogen peroxide, shaken, for 5 minutes, and then rinsed with sterile water three
times. Leaves were dried, and cored using a no. 4 borer to cut out a disc. The disc was
submerged in 1 mL sterile water for 30 minutes to allow for cells to be released at the edges
of the cut. The disc was removed, ground, and cells remaining in the disc were enumerated
by dilution plating. The egression suspension was vortexed, and diluted to allow for colony
counts of total egressed cells in the plant disc and the fraction released was estimated from
the total number of cells in the disc.

Bacterial Attachment Assay
P. syringae strains carrying one of two pProbe plasmid variants (pProbe-OT conferring

spectinomycin resistance, or pPropbe-NT conferring kanamycin resistance), or pVSP61 con-
ferring Kanamycin resistance [125, 80], were mixed in equal ratios in double deionized water
at a final concentration of 5.0 x 106 cfu/mL. Cells were gently re-suspended in sterile water
and 5 aliquots were removed for serial dilution and plating to determine cell concentrations
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of each strain on both KB plates containing kanamycin, rifampicin, and natamycin as well as
plates containing spectinomycin, rifampicin, and natamycin. The oldest trifoliate leaflets of
Phaseolus vulgaris plants (first set of trifoliates emerged while the second set just emerging)
were submerged in a shallow pyrex dish filled with 1.5 liters of cell suspension. After 1 hour
of incubation at 28°C, the leaves were taken out, shaken to remove droplets of inoculum,
and gently rinsed in 1 liter of double deionized water for 30 seconds and this water again
removed by shaking. The leaves were then cored with a no. 15 borer, and ground with a mor-
tar and pestle in 1 mL sterile water and plated onto selective media, typically spectinomycin
to isolate wild-type P. syringae B728a, and kanamycin to isolate �Psyr 0799 (pVSP61 as
well as pProbe-NT), �Psyr 2039 (pVSP61 as well as pProbe-NT), �Psyr 4389 (pVSP61 as
well as pProbe-NT), complemented �Psyr 2039 (pVSP61::PfimA:fimA), and complemented
�Psyr 4389 (pVSP61::Pflp:flp).

Targeted disruption of predicted Type IVa pilin subunit, pilA, in strain B728a
with pLVCD

A site directed, marker-less deletion mutant of P. syringae B728a locus Psyr 0799 was
constructed using the pLVCD vector system [115]. A 2368-bp fragment containing pilA and
approximately 1 kilobase upstream and downstream was amplified from strain B728a ge-
nomic DNA with the primers ’pilA full S’ and ’pilA full AS’ (Table 3.3) using Phusion®

polymerase. The blunt end PCR product was cloned into pENTR/D-TOPO, and recombined
into the pLVCD Gateway destination vector. Primers ’pilA insideout S’ and ’pilA insideout
AS’ were used to amplify the genomic fragment to generate a linear pLVCD vector with ap-
proximately 1 kilobase of flanking region on either side of pilA. of the plasmid sequence. A
Flp recombinase target (FRT) site which flanked the kanamycin cassette was amplified from
pKD13 [37] with Phusion®, generating a blunt end PCR product that was then ligated into
the linearized pLVCD vector. After transformation into the E. coli donor strain S17-1, this
construct was introduced into P. syringae B728a by mating. Transformants were selected
on KB amended with either rifampicin/kanamycin or rifampicin/tetracycline. Colonies dis-
playing kanamycin resistance and tetracycline sensitivity indicative of double recombination
events between the genome and the suicide vector were collected. A spectinomycin resistant
version of pFLP2 [74] was electroporated (Voltage: 2V; Resistance: 200 Ohms; Capacitance:
25 µFd) into the kanamycin resistant mutants, and the resultant spectinomycin resistant
colonies were screened for kanamycin sensitivity and thus successful marker excision. A
single colony was cured of the spectinomycin pFLP2 plasmid before storage at -80°C in
glycerol.

Targeted disruption of predicted Type I and Type IVb pilin subunits, fimA

and flp, in strain B728a with pTOK2
Site directed, marker-less deletion mutants of P. syringae B728a loci Psyr 2039, and

Psyr 4389 were constructed through a modified overlap extension PCR method [31]. Approx-
imately one kilobase of sequence directly upstream and downstream of the loci of interest
was amplified using Phusion® (New England Biolabs, catalog no. M0530S) (primers used
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shown in Table 3.3). A kanamycin resistance cassette flanked by FLP recombinase tar-
get sites was amplified from pKD13 [37]. The upstream, downstream, and kanamycin-FRT
PCR fragments were combined into a single PCR reaction for overlap extension, which was
subjected to 15 amplifications cycles without primers, followed by 20 amplification cycles
with upstream forward and downstream reverse primers added. The resulting blunt end
fragment was cloned into the suicide vector pTOK2T [91] digested with restriction enzyme
PvuII, which was then transformed into the E. coli donor strain S17-1. These strains were
subsequently mated with the P. syringae B728a strain denoted ns5 overnight on LB, fol-
lowed by transfer to KB amended with kanamycin and NFT to counter select for E. coli.
Single colonies were streaked on to KB amended with either rifampicin/kanamycin or ri-
fampicin/tetracycline. Colonies displaying kanamycin resistance and tetracycline sensitive
indicative of double recombination events between the genome and the suicide vector. A
spectinomycin-resistant version of pFLP2 [74] was electroporated (Voltage: 2V; Resistance:
200 Ohms ; Capacitance: 25 µFd) into the kanamycin resistant mutants, recovered, and
subsequent colonies were screened for kanamycin sensitivity and successful marker excision.
Mutants were verified through PCR and Sanger sequencing. A single colony was cured of
the spectinomycin pFLP2 plasmid before a -80°C glycerol stock was made. The resulting
marker-less deletion mutants were left with an 85 bp FRT recognition scar, which is not
known to exhibit polar e↵ects on downstream genes [31].

Cloning over-expression constructs
Constructs enabling over-expression of Psyr 2039 and Psyr 4389 were constructed through

PCR amplification of the respective loci as well as 1-1.6kb of upstream sequence that would
include potential promoter regions. Additional BamH1 restriction enzymes sites added to
the primer sequences (primers shown in Table 3.3), enabled restriction digestion and ligation
into BamH1 -digested pVSP61 plasmid [80]. The ligation mixture was subsequently trans-
formed into chemically competent XL1-BLUE (QB3, Stanley Hall, University of California,
Berkeley).

Statistical analyses
Descriptive statistical analyses, Mann-Whitney U-tests, and unpaired two-tailed t-tests

were performed with either Excel 2008 version 12.3.3 (Microsoft Corporation) or Prism
version 5.0c statistical analysis software (GraphPad Software Incorporated).
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Chapter 4

Conclusion and future directions

This research was undertaken in an attempt to determine the quantitative relationship be-
tween motility and virulence of plant-associated microorganisms that have an extensive epi-
phytic phase before infection occurs. We also wished to dissect the relative contributions of
other factors such as fimbrial adhesins that might interfere with cell motility. Ultimately, we
hoped to better understand how behaviors such as attachment to leaf surfaces and motility
contributed to the fitness of P. syringae both as an epiphyte and as an endophyte of bean.

Conclusions about the role of motility to virulence in Pseudomonas syringae

To best define the contributions of motility on the behavior of P. syringae, we chose to
compare the behavior of isogenic strains di↵ering quantitatively in this trait. Not only would
the use of strains di↵ering quantitatively in motility help strengthen connections made to
di↵erent behaviors, the isogenic nature of such strains also o↵ered the potential to elucidate
novel determinants of motility in this species. During the course of our studies, we were
able to assemble an archival collection of nine P. syringae strains presumed to be nearly
isogenic that we determined to have substantial variation in flagellar-driven swarming motil-
ity. These strains proved to be extremely useful since their motility di↵erences were highly
reproducible and they exhibited no growth defects in culture or in planta. They also did not
di↵er in biosurfactant production, an ancillary phenotype that could have influenced their
motility and virulence. Further evaluation of these strains revealed that measures of their
motility in culture was strongly predictive of their relative virulence, as assessed from their
ability to cause leaf lesions after topical application of inoculum, as well as their ability to
move within plants after introduction into the apoplast. These were important findings, as
previous reports have only assessed the virulence of mutant strains having dramatic changes
in motility. We thus were able to gain a much better understanding of how quantitative dif-
ferences in motility are linked to pathogenicity of P. syringae. Furthermore, our assessments
of the epiphytic and endophytic behavior of P. syringae in a variety of ways has provided
a much more nuanced picture of its behavior on plants and the role of particular traits on
such behaviors. We were surprised however, to find a variant of P. syringae that we selected
in culture as having enhanced motility that apparently was not exhibited in planta, since
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the virulence of such a strain was less than expected based on its high levels of motility
in culture. We concluded that such a variant was altered in processes that contributed to
motility only in the specialized environment of agar surfaces. The finding of such a variant
does indicate that there should be careful consideration when extrapolating in culture results
to behaviors that microorganisms might exhibit in natural systems.

Re-sequencing of these variant strains provided considerable insight on factors contribut-
ing to motility in P. syringae. We were pleased that not only could we identify loci that
were altered in such variants, but that we could reproduce the altered motility by recreating
these genetic variants. The fact that the motility of the recreated strains was not always
quantitatively similar to that of the original variants where the SNPs were identified sug-
gests that we have overlooked other changes that also were apparently contributing to altered
motility. While high-throughput sequencing technologies are impressive and allowed us to
identify the several SNPs that we could link to motility, there are currently limitations in its
application. Specifically, the short reads generated by current high-throughput sequencing
methods make it di�cult to provide unambiguous sequence calls for highly repetitive DNA
regions. However, such regions are also most likely to vary in strains due to a lower fidelity
of replication, and be subject to recombination at such sites. Indeed, we found evidence
for genetic changes in such repetitive regions that were overlooked by high-throughput se-
quencing. Hopefully, as sequencing technologies mature, studies such as this one will be
even more powerful as all possible genetic variations can be readily found. While we could
clearly associate variant loci such as Psyr 0853 and Psyr 2341 with motility, the fact that
the function of such genes remains unknown is an unfortunate truism in the state of the art
of bioinformatics today. Hopefully, further advances in bioinformatic technology will make
it possible to more accurately predict the role of such genes in the future. Since analysis of
these hypothetical proteins revealed that they are highly conserved among a broad spectrum
P. syringae pathovars, it suggests that these traits are important in P. syringae, as has been
proposed in other organisms in which such bioinformatic and functional analyses have been
performed [49, 118].

Other than flagellar-mediated motility, little was known before this study about the role
of fimbriae-mediated enhancement and repression of motility in the infection process of plant
pathogens [147, 17, 117]. As such, we focused on the impact of fimbrial adhesive factors in
modulating the motility of P. syringae in Chapter 3. Bioinformatic analysis revealed that five
putative fimbrial biogenesis pathways were present in P. syringae B728a, two of which were
identified as encoding predicted chaperone-usher (CU) fimbriae similar to the Cup fimbriae
found in P. aeruginosa [182], one pathway was predicted to encode a Flp fimbriae, involved
in the formation of tenacious biofilms [53, 82], and predicted fimbrial assembly pathways for
type IVa and type IVb fimbriae, thought to be involved in twitching motility and invasion,
among other traits [117, 157]. Additional functional analysis of a CU fimbriae (FimA), a
type IVa fimbriae (PilA), and a Flp fimbriae (Flp) in P. syringae revealed that it is not
capable of the extensive twitching motility that is seen in species such as P. aeruginosa,
since we could not visualize its movement in macroscopic assays. However, indirect evidence
does suggest that it is capable of at least short-distance motility that is conferred by PilA.
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This conclusion however, is only circumstantial since it is based on the observation that
pilA mutants apparently failed to find as many sites to enter leaves to cause infections.
Examination of swimming and swarming motility revealed a potential role in adhesion by
Flp and FimA, but not PilA. Confirming this observation, type IVa fimbriae (PilA) are not
involved in attachment to leaf surfaces, as co-inoculation experiments of a pilA mutant with
a wild-type strain exhibited no di↵erence in attachment to bean leaves when compared with
the wild-type strain. However, Flp is involved in attachment to leaf surfaces, as a flp mutant
was less able to attach to leaves than the wild-type strain. Flp, and to a lesser extent FimA,
but not PilA, are also involved with adhesion within the apoplast, as direct inoculation of
mutant strains deficient in production of Flp fimbriae (Flp) and CU pili (FimA) into leaf
tissue resulted in the formation of larger water-soaked lesions than observed in the wild-type
strain, suggestive of repression of active motility in the apoplast by fimbrial adhesion. Taken
together, Flp and CU fimbriae appear to have significant roles in adhesion, although such a
trait does apparently suppress their motility in planta, and type IVa fimbriae appear to be
important in inciting disease on bean, presumably by aiding local movement to sites suitable
for invasion of the leaf.

There is obviously a complex and potentially antagonistic interaction that occurs between
flagellar-driven motility and adhesive fimbriae. It would therefore seem likely that the cell
would temporally regulate the expression of such traits so as to avoid futile antagonistic
behaviors. That is, it seems likely that flagellar motility, and perhaps type IVa fimbriae,
would not be coincident with the expression of various adhesive pili. A context-dependent
examination of expression of fimbriae and flagella at di↵erent stages in the infection process
should help elucidate whether adhesive fimbriae and flagella are di↵erentially regulated on
the leaf surface as well as during endophytic exploration. In addition, future work exploring
the role of biofilm formation and EPS production is necessary to place the role of flagella
and EPS in context in P. syringae, as biofilm formation is intrinsically linked to fimbriae
production, and proper development of biofilm structure does not appear to occur without
fimbriae or EPS in other systems [92, 181, 12].
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